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INTRODUCTION 
The Laser 
In 1917, Einstein proposed the concept of stimulated emission [1,2]. He stated that an 
atom in its excited state could be purposely stimulated by a particular frequency back down 
to its lower state while concurrently releasing a quantum of electromagnetic energy. This 
energy is then equal to the energy between the two levels as described by: 
A E  =  h v  { 1 )  
where AE is the energy between the two states, h is Plank's constant, and v is the frequency 
These concepts established by Einstein eventually led to the development of the laser. 
Theodore H. Maiman at the Hughes Aircraft Research Laboratories developed the first 
operational laser in 1960 [3, 4]. It was a solid-state laser composed of a ruby rod that was 
optically pumped by intense pulses of light from a flash lamp. Thus the laser (Light 
Amplification by Stimulated Emission of Radiation) was born. A detailed description on 
the operation of lasers will not be provided here, but can be found in many laser books [5-
8]. 
Today, lasers are used in a variety of fields from the military to entertainment from 
industry to medicine. The military has been using lasers for laser guided bombs and missiles 
[9]. Other uses include using lasers as optical radar. In industry, low powered lasers are 
used for alignment, gaging, surface inspection, bar code reading and leveling. High 
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powered lasers are used in heat treatment, welding, material removal, and to a lesser extent, 
in alloying, cladding and glazing [5]. Laser art encompasses not only laser light shows but 
also laser photography, sculpture, and painting as a way to entertain [10]. In the near 
future, laser-based projectors will produce images that entertain theater audiences [10], 
The field of medicine has greatly benefit fi"om laser technology and many surgical 
procedures utilize lasers [11-31]; however, the idea of using light for surgery originated 
before the invention of lasers. In the 1940's, German physician, Gerd Meyer-Schwickerath, 
treated detached retinas and destroyed tumors in the eye using the sun [32], Only a year 
after the first operational laser, in 1961, the first medical application of the laser was 
performed. Milton Zaret of the New York University School of Medicine used a laser to 
cut lesions in the eyes of experimental animals [32], In 1963, Chris Zweng of the Palo Alto 
Medical Research Foundation performed the first laser surgery on human subjects with 
retinal diseases [32]. Today, medical specialists in gastroenterology, urology, 
ophthalmology, gynecology, dermatology, podiatry, and other fields have greatly improved 
their surgical techniques using the laser. 
The laser quickly became an accepted surgical tool due to the basic inherent properties 
of the laser that introduces advantages over conventional surgery. Some intrinsic properties 
of lasers are monochromaticity, collimation, and coherence. Monochromaticity is defined 
as having a single wavelength. Whereas white light contains all wavelengths of light, laser 
light has approximately a one color wavelength that allows targeting of the laser wavelength 
to produce specific tissue effects. Collimation allows the laser light to travel distances 
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without spreading, that is, it has a small beam divergence resulting in higher brightness and 
intensity. When electromagnetic waves coming from the laser are in phase, temporal and 
spatial coherence are achieved and higher powers can be obtained [33] 
The inherent properties of lasers impart specific advantages of laser surgeries over 
conventional surgeries. One of the biggest benefits is the laser's ability to maintain 
hemostasis while incising tissue. A number of lasers with a variety of wavelengths are 
available so that specific tissue effects can be achieved ranging from coagulation to 
vaporization. With the advent of endoscopes', surgeons gain more access to invasive 
procedures while eliminating painful incisions, eliminating prolong hospital stays, and 
reducing costs and infectious complication of incisional surgery [34]. With the proper laser, 
surgeons can perform procedures that seemed impossible only a few years ago. 
Choosing an optimal laser for a particular surgical procedure requires consideration of 
several factors. One of the most important factors is the wavelength emitted by the laser 
since the wavelength will dictate a specific tissue interaction. Besides the wavelength of the 
laser, the power output, speed of excision, absorption of the target tissue, and its vascular 
supply must be examined. Hence, some surgical procedures favor one type of laser over 
another, while others overlap. Some of the more common types of surgical lasers are the 
CO2, Nd:YAG, Argon ion, and the Excimer lasers. Also a variety of lasers are being tested 
as medical lasers and these include the CO, Er:YAG, Ho:YAG, and THC:YAG lasers. 
' An endoscope is an optical instrument for the visualization of the interior of the body 
cavity or organ generally introduced through a natural opening in the body or through a 
small incision. 
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Table 1 lists some of the biomedical lasers and their usages and a comprehensive view of 
these medical lasers will follow. 
The carbon dioxide laser 
In 1964, the gas COj laser was developed at Bell Laboratories by Patel [37-39], A 
mixture of carbon dioxide, nitrogen, and helium gases in the laser cavity serve as the active 
medium. This particular gas mixture improves the efficiency of the laser by increasing the 
transfer of vibrational energy to and from the CO2 molecule [37]. Surgical CO2 lasers can 
be used in the continuous-wave mode (cw) or it can be pulsed; however, the pulsed mode 
produces less lateral thermal damage [40], The power output of the CO2 laser is usually in 
the tens of watts. The CO2 wavelength is 10.6 microns (|am), which is in the far-infrared 
(far-IR) spectral region and for this reason is highly absorbed by water. Tissue, being 
composed of 70 to 90% water, is the primary absorption medium [41], Therefore light 
penetration into the tissues is restricted and conversion to thermal energy occurs over very 
short distances, that is, 98% of the incident light is absorbed in the first 0.01 mm of tissue 
[42]. This superficial absorption makes the CO2 laser an excellent tool to incise tissue 
because not only does it cauterizes while it cuts but also maintains hemostasis. A good 
example where the CO2 laser is utilized is in incising adhesion surrounding the fallopian 
tubes and also in removing hemangiomas of the tongue [43], Unfortunately, a great deal of 
unwanted charring and lateral thermal damage may result when using the CO2 laser in a 
vascular tissue field. Also since the CO2 laser has a limited penetration depth, it can not 
coagulate vessels greater than 100 to 200 }.im in diameter. Therefore a dry surgical field is 
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Table 1. Common medical lasers used in surgery [12, 35] 
Type Power Mode Wavelength Major Medical 
(W) (microns) absorber areas 
general surgery 
CO2 up to 100 cw 10.60 water urology 
dermatology 
ENT' 
ophthalmology 
general surgery 
Nd:YAG up to 100 cw urology 
gynecology 
1.064 nonspecific neurology 
gastroenterology 
pulmology 
ophthalmology 
pulsed lithotripsy 
plastic surgery 
Argon 0.005 to cw 0.488 melanin dermatology 
20 pulsed 0.515 hemoglobin oncology 
ophthalmology 
urology, ENT 
Excimer 
ArF 0.193 wavelength cornea sculpting 
KRF pulsed 0.248 dependent experimental 
XeF 0.308 experimental 
XeCl 0.350 experimental 
" otorhinolaryngology (ENT) 
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usually recommended. Another problem with the CO2 laser is that it can not be transmitted 
through silica optical fibers. It has to be delivered to the patient either by coupling it to an 
operating microscope or by using articulating mirrors and hand probes [41]. However, 
researchers are investigating different glass composition that would transmit in the mid and 
far-IR region [44]. These include zirconium fluoride and arsenic selenide glass fibers or 
silver halide or thallium salts, but these have limited mechanical strength as well as toxicity 
problems [45], Currently dielectrically coated hollow waveguides hold the most promise 
such as ZnS-coated Ag hollow waveguides which can also be used with the Er:YAG and 
CO lasers [45-50]. Overall, the CO2 laser is an exact cutting instrument due to its small 
depth of penetration in tissue and the high absorption by water. It can be used where tissue 
ablation and removal is required and works best in non-vascular tissue. 
The carbon monoxide laser 
A laser that produces similar tissue effects as the CO2 laser is the carbon monoxide (CO) 
laser [51, 52]. The CO laser was first suggested in 1964. In 1968, Osgood and Eppers 
developed the first high power CO laser [53]. The CO laser is a gas laser like the CO2 laser; 
however, the basic inversion mechanism is very different. Like the CO2 laser, the CO laser 
can be cw or pulsed depending upon the particular usage. The CO laser emits a wavelength 
of 5.5 |.im which is also absorbed by water and produces similar tissue effects as the CO2 
[52]. The CO laser's lower wavelength offers an advantage over the CO2 laser in that it can 
be coupled to fluoride fibers that have good transmission up to 5.7 |.im [46, 54], This 
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expands the CO laser ability to be used in a number of clinical situations where the CO2 
laser could not be used such as in laparoscopic surgery [51], 
The argon ion laser 
The argon laser which was invented in 1964 by Bennett [55] is classified as a gaseous 
ion laser [12, 56], The active medium, argon, must be ionized in order to obtain an 
emission. The excitation of energy for an argon laser is created by high electrical current 
densities (in excess of 100 amps/cm) passing through the argon gas. Typically, the argon 
ion laser can deliver up to 15 W in large surgical systems and 3 to 4 watts in smaller 
systems [36]. The argon laser has two wavelengths, 488 and 515 nm, which fall in the 
visible blue-green range spectrum. These wavelengths are absorbed in tissue by the 
chromogens, melanin, and hemoglobin. [3 6] This makes the argon laser the laser of choice 
in ophthalmology, plastic surgery, and dermatology. For example, the dark brown melanin 
pigment of the retina absorbs energy from the argon laser. Consequently, the argon laser 
can destroy specific regions of the retina without destroying other areas of the eye. 
Diabetic retinopathy, a degenerative disease that destroys the retina, can now be effectively 
treated using the argon laser [32, 57], Another example utilizes the argon laser to remove 
red birthmarks (portwine stains) [3,58]. Hemoglobin, a component in the blood, absorbs 
the argon's wavelength and is destroyed, thereby removing the stain; however, a continuous 
wave beam may cause extra heat to spread to normal tissue. Therefore pulsed argon lasers 
are now in use to minimize lateral thermal damage. Also, silica fiber optics can be coupled 
to the argon laser which greatly expands its use. 
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The excimer lasers 
In 1975, the excimer (exc/ted di/wer) or rare gas halide lasers were developed [12], The 
four most popular excimer media are argon fluoride (ArF), krypton fluoride (KrF), xenon 
fluoride (XeF), and xenon chloride (XeCl). These emit wavelength's of 193, 248, 308, and 
350 nm, respectively. These lasers emit powerful ultraviolet (UV) pulses with a duration of 
nanoseconds to microseconds. Their short wavelengths allow very precise ablation with 
little or no lateral damage, shallow penetration, and high tissue absorption coefficients. 
Tissue ablation is a non-thermal effect involving direct breakage of covalent bonds, that is, a 
photochemical effect [59]. Tissue interaction is characterized by precise, layer-by-layer 
ablation [59-62], Another advantage of the excimer lasers is their ability to be coupled to 
fiber optic delivery systems when delivering low to moderate power intensities. Silica fiber 
transmission at the XeCl and XeF wavelengths, that is at 308 and 350 nm, is accepted, but 
silica fiber transmission at the ArF and KrF wavelengths, 193 and 248 nm, at high intensities 
is plagued by nonlinear transmission problems such as luminescence and two photon 
absorption [63, 64]. Brimacombi [64] suggested using higher band-gap materials such as 
sapphire, LiF, and MgF2 for fiberoptic delivery systems at the UV wavelengths. One use of 
the excimer laser includes exciting organic dyes in dye lasers to provide greater lasing 
efficacy [65, 66]. Most biomedical applications of these excimer lasers are still in the 
testing stage or early development, but they do show promise in angioplasty, biliary 
lithotripsy, ophthalmology, and orthopedics [65, 67-69], In particular, the ArF laser is 
gaining acceptance in cornea sculpting [32, 70], The 193 nm wavelength corrects major 
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visual defects by reshaping the cornea using small, deep incisions or by ablating shallower, 
wider areas. If successful, nearsightedness, farsightedness, or astigmatism can be corrected. 
However, there are four potential hazards of the excimer lasers that the user must be aware 
of when operating these lasers [71]. These include: the high voltages that are generated, x-
rays used for preionization in certain laser models, UV output since it is unsure whether the 
UV output causes mutations not only in the patient but also in the personnel operating the 
lasers, and toxic laser gases themselves. Careful design of these lasers is a must in order to 
avoid these hazards. 
The Nd:YAG laser 
In 1963, the solid state Nd;YAG (neodymium yttrium aluminum garnet) laser was first 
operated at Bell Laboratories by Johnson [3, 12, 72], The Nd;YAG laser cavity is 
composed of an optically reflective structure that couples optical energy from a pumped 
light source to the Nd:YAG crystal making this an optically pumped laser [73], The 
Nd:YAG laser wavelength of 1.064 micron lies in the near infra-red region. Its light 
absorption by protein is nonspecific, thereby allowing a thermal penetration depth up to 8 
mm into normal tissues and making this laser an excellent photocoagulator [74]. There are 
two modes of operation for the Nd:YAG laser: continuous wave (cw) and pulsed. The 
typical medical cw Nd:YAG laser can generate 80 to 100 W while coupled to a flexible 
silica optical fiber delivery cable. The typical medical pulsed Nd: YAG laser can generate up 
to 80 mJ in nanosecond pulses while also being coupled to optical fibers. 
The continuous wave Nd:YAG laser is used for photocoagulating large volumes of 
tissue, but it is most useful in highly vascular structures such as organs, malformations, or 
tumors. What makes the Nd:YAG laser so useful is that its wavelength can be transmitted 
through an optical fiber which then can be threaded to almost any part of the body creating 
little or no damage to the surrounding tissues. Using flexible or rigid endoscopes, the 
Nd:YAG laser can also be used to coagulate internal bleeding, malformations or tumors 
and, at higher energies, tumor stenoses or vascular obstruction can be recanalized. Also, 
the cw Nd:YAG laser can be used to cut out portions of organs such as the liver, spleen, 
pancreas, and kidney while maintaining hemostasis [75]. Its efficacy in relieving 
obstructions while maintaining hemostasis has been proven repeatedly [76-78], For 
example, treatment for severe cases of menorrhagia (abnormal menstrual flow) has become 
an non-invasive procedure using the Nd:YAG laser coupled to an optical fiber [32], 
The Nd; YAG laser can also be pulsed or Q-switched which results in nanosecond pulses 
with intensities up to the megawatt range. In surgery, these pulses can be used to locally 
ionize tissue thereby destroying membranes and other structures without damaging the 
adjacent tissue. For example, secondary cataracts (opaqueness of the posterior membrane) 
can be treated using laser light from a pulsed Nd:YAG laser. Laser light is focused on the 
posterior membrane causing a shock wave that tears the membrane apart resulting in an 
improvement in the patient sight [32], Q-switch Nd:YAG lasers are also used in shock 
wave lithotripsy [79-80], Stones in the kidneys, ureter, and gall bladder are broken apart by 
laser induced shock waves. 
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The output of the Nd: YAG laser can be passed through a frequency-doubling crystal 
composed of potassium titanyl phosphate (KTP). This produces a wavelength of 532 nm 
which is in the blue-green spectral region. This produces a quite useful laser for pigmented 
tissues, that is, it produces a general incision with moderate photocoagulation [45]. Tulip 
and associates demonstrated that the Nd:YAG can also produce three other wavelengths at 
1.06, 1.32, and 1.44 |.im [45]. This also opens up a whole new regime of surgical 
procedure that the Nd:YAG can do. 
The THC:YAG laser 
Some new mid-ER lasers that are now being tested as possible medical lasers include the 
THC:YAG, EnYAG, and the Ho:YAG lasers [81]. The thulium-holmium-chromium:YAG 
(THC:YAG) laser was the first mid-IR laser. It was developed in 1987 by Stephen Trokel. 
Like the Nd:YAG laser, the THC:YAG laser is composed of a YAG crystal but it is doped 
with THC instead of Nd. This imparts a different electronic structure with light being 
emitted at a 2.15 pim wavelength and a pulse width of 200 microseconds. A clinical 
prototype developed in 1988 can deliver 7 pulses per second with 800 mJ per pulse; 
therefore, peak power reached is about 4 kW [45], In-vitro testing hat shown that the 
THC: YAG laser provides very precise ablation (due to the high water absorption) with 
desirable tissue effects [82-85]. 
The Er.YAG laser 
Another IR laser is the Erbium:YAG laser (Er:YAG). This laser is similar to the 
Nd:YAG laser but its YAG crystal is doped with erbium that imparts a different electronic 
structure. The Er. YAG laser emits at a 2.94 |am wavelength which places it near the water 
absorption peak of approximately 3 jam. The Er:YAG laser typically uses 250 microsecond 
pulses while the Q-switch Er:YAG laser delivers pulses in the nanosecond range. The 
Er: YAG laser produces precise tissue ablation with very little lateral damage, and it is well 
suited to avasular tissue [86-89]. Flexible silica fiber optics can not be used with the 
Er:YAG laser since silica fibers can only transmit up to 2.5 |im. Therefore flexible fibers 
composed of zirconium fluoride or hollow waveguides are being investigated [54, 90]. 
The Ho:YAG laser 
The holmium:YAG (Ho:YAG) laser is a mid-IR laser that has a holinium doped YAG 
crystal as its lasing medium. It is capable of achieving a pulse width of 350 microseconds 
with 2 J per pulse. [91, 92], Its wavelength at 2.1 |.im has a small absoption coefficient in 
tissue making this laser more suitable for highly vascular tissue where hemostasis is 
important [88]. It is also suitable for orthopedic applications and arthroscopic surgery, and 
it can be coupled to flexible silica fiber optics [93]. 
Many lasers are being utilized or investigated as possible medical lasers but were not 
mentioned including the dye lasers [94, 95], the metal vapor lasers [95], and the diode lasers 
[96, 97]. This author only mentioned a few that are important to the medical community. 
Laser-Tissue Interaction 
Lasers are invaluable surgical tools because of their ability to be tailor-made for a 
particular application, that is, laser light can be selectively absorbed by tissue. Selectivity 
means that the laser light can penetrate to the interior of a cell without damaging the outside 
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of the cell. This is achieved by selecting the laser's wavelength to match the absorption 
band of the target materials. If the wavelength of light from the laser matches or is near the 
absorption band of the target cell, the laser light will be prevented from penetrating beyond 
the superficial layer. High energy density is then achieved, absorbed by the target structure, 
and converted to heat, thereby destroying only the target structure. Tissue absorption is 
often approximated using the Lambert-Beers law [98]; 
I(z) = loexp(-az) (2) 
where Iq is the surface light intensity (power/unit area) incident onto a tissue with a 
presumed homogeneous absorption coefficient a and l(z) is the local intensity at depth z. 
Absorption coefficients range from under 10 cm"^ for Nd.YAG in skin to over 500 cm'^ 
for the CO2 laser on any wet tissue [3]. Table 2 gives absorption coefficients of selected 
tissues. From the absorption coefficient, a, one can roughly determine the absorption 
depth, z. The absorption depth, z, can be set equal to 1/a. Substituting z = 1/a into 
equation (2) leads to I/Iq = e'^ Therefore, roughly 63% of the laser light will be absorbed 
within the absorption depth. 
As was previously mentioned, some lasers are more suited to a particular application 
than others due to their wavelengths dictating the type of laser-tissue interaction. An 
excellent model of laser-tissue interaction was developed by S.L. Jacques [99], He used a 
cube to model a variety of laser-tissue interactions as shown in Figure 1. The x-axis 
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Table 2. Absorption coefficients of biological tissue at selected wavelengths [3] 
Tissue Wavelength 
1 E 
8
 
(nm) 
Blood, 620 6,2 
oxygenated 805 6.2 
Blood, 620 18.2 
reduced 805 6,2 
Epidermis, 400 2.8 
white 500 1.2 
600 0.3 
Fat, 400 0.7 
subcutaneoi'j 500 0.4 
600 0.2 
Liver 1064 15.2 
Kidney 1064 15.1 
Epithelium 633 821 
1060 120 
Skin 1064 10 
10600 500 
Retinal pigment 514 1587 
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represents the mechanism of interaction, i.e., photochemical, xi, photothermal, X2, and 
photomechanical, X3. The y-axis represents the mechanism of tissue response, i.e., 
immediate physical effect, yi, delayed response, y2, and long term healing, ys. The z-axis 
represents the biological level of interaction, i.e., organelle, zi, cell, Z2, and tissue, Z3. For 
example, a particular laser-tissue interaction such as photocoagulation can be modeled using 
the cube as shown in Figure 2. Photocoagulation is a thermal effect usually accomplished 
by exposing tissues to high temperatures for short periods of time. The tissue response is 
immediate and visible. Cell and tissue death occur followed by inflammation and eventual 
scar formation. 
Figure 3 displays other laser-tissue interactions that can occur. When light emitted from 
the laser strikes tissue, the light can be reflected, scattered and/or transmitted through the 
tissue. Light can interact with tissue in such a way as to cause thermal or non-thermal 
effects. Non-thermal effects are termed photochemical effects which include fluorescence 
and photodynamic therapy. Fluorescence can be used to detect tumors and other 
abnormalities by injecting a dye into the body. The dye accumulates in certain cells and 
fluorescences when excited by an appropriate wavelength light source [100]. In 
photodynamic therapy, the injected dye can absorb the light source thereby heating up and 
destroying the dyed tissues[101]. This procedure is gaining acceptance from treating some 
types of cancer where the injected dye accumulates in cancer cells and the irradiated light 
kills the cancer cells without harming the surrounding tissue [ 102], 
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Figure 1. A cube model to simulate laser-tissue interactions [99] 
:X2y2Z 
Figure 2. Cube model representing photocoagulation, a photothermal mechanism [99], 
Immediate effects are cell death (x2yiZ2) and denaturation of tissue (x2yiZ3). 
Delayed response involves inflammation of cells (x2y2Z2) and tissue (x2y2Z3). 
Healing responses are synthesize of collagen (x2y3Z2) and scar formation (x2y3Z3). 
laser light 
itissue 
transmission absorption photochemical 
d) 
.^hock waves 
e) 
ionized plasma fluorescence photodynamic therapy 
Figure 3. Laser-tissue interactions, a) Laser light can be transmitted through the tissue by targeting the laser's wavelength 
outside the absorption band of the tissue, b) By targeting the laser's wavelength to the absorption band of the target 
cell, heating of the tissue occurs, c) Photons from the laser can break molecular bonds in a non-thermal effect, d) An 
ionized plasma can form which creates a shock wave, e) Dye can be injected into the target tissue which is fluoresced 
by the laser, f) The injected dye could also absorb the laser light thereby heating and destroying the tissue. 
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Laser light can also be selectively absorbed by the tissue causing thermal effects. The 
type of thermal effect can have varying degrees of severity, from mild such as hyperthermia 
to more severe such as ablation. Hyperthermia is a mild type of thermal treatment. 
Hyperthermia is achieved by long exposure times to mildly elevated temperature. Cell 
necrosis isn't immediate, but delayed at least 24 hours and causes irreversible denaturation 
within the cell. An example would be using hyperthermia to treat cancer. Hyperthermia 
would cause a minimal effect on normal tissue but could stress cancer cells making them 
more susceptible to therapeutic radiation treatment [99, 103]. As previously mentioned, 
photocoagulation is also a thermal effect, only slightly different from hyperthermia. An 
example of photocoagulation would be using an argon laser to anchor a detached retina. 
The immediate cell death followed by scar formation secures the retina [104]. Tissue 
desiccation is a thermal effect and also a mechanical effect. Ablation requires high 
temperatures that result in water vaporization, tissue removal, and vaporization of carbon. 
These actions can induce stress in tissues resulting in such photomechanical effects as 
ripping and spalling of tissue [105] or cellular disruption [106]. Another mechanical etTeci 
is the production of an ionized plasma that upon collapse results in a spherical shock wave 
which mechanically disrupts tissue [107-114]. Ionized plasmas are achieved by very short 
high energy density pulses from a laser. A good summary of photothermal injury to tissue is 
shown in Table 3 by Thomson [115]. 
Laser-tissue interaction also can be summarized into three stages [116-118], The first 
stage involves heating of the tissues. The tissues will absorb at a specific wavelength. This 
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Table 3. Laser-tissue effects [115] 
Laser Interaction Temperature, °C Histopathologic 
Effect 
Low temperature 
damage 
40-45 
43-45+ 
Reversible cell injury 
Cell death 
43+ Denaturation of proteins 
140+ Denaturation of elastin 
Water Vaporization 100+ Extracellular vacuole 
formation 
>100 Rupture of vacuoles 
Tissue ablation by explosive 
vaporization 
High-temperature ablation 300-1000+ Tissue ablation 
3550 Vaporization of carbon 
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absorption will heat the tissues and cause discoloration and shrinkage due to the 
denaturation of the tissue's proteins. Surface dehydration will also occur since the 
temperature will increase to over 100°C. In the second stage, boiling of the tissue water 
occurs. This boiling is violent with rigorous destruction of surrounding tissue. It was 
suggested that the tissue water below the surface will boil causing the rupture of multiple 
vacuoles in the area. In the final stage, tissue ablation occurs. All tissue water is boiled oft' 
causing charring of the tissue. The presence of super-heated liquid within the tissue also 
gives rise to an increase in pressure which aids in the ablation process [117-119]. A very 
good qualitative description of the ablation process is provided by Zweig [120] while a 
mathematical description of these similar ideas can be found by Chan et al. [121], 
Verdaasdonk et al. [116] described the ablation process as a black ring which grew 
concentricity from the center while a crater was formed. While the tissue was ablated, 
expanding rings of charred tissue were deposited at the crater wall. 
Many studies have investigated and modeled the tissue response to laser light [122-148] 
But an optimal model has yet to be developed because laser-tissue interaction is a complex 
process that involves not only the optical and thermal properties of the tissues but also the 
laser spot size and power intensity. Also, modeling is very difficult since the tissue's optical 
and mechanical properties tend to change after laser irradiation [149-1 .'51]. For example, 
Schwarzmaier et al. [149] has determined that optical density in tissue significantly increases 
after laser irradiation. Specific models of laser light distribution and interaction involve the 
absorption coefficient, ^a, and the scattering coefficient, lOs- When absorption is the 
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dominant mechanism between the laser light and tissue, Beer's Law model is usually a good 
approximation while the Kubelka-Munk model should be considered when scattering is 
dominant [152]. The Monte-Carlo method is also recommended when computing light 
distribution in multi-layer skin models. The optical properties of a typical soft tissue for a 
variety of medical lasers are summarized in Table 4. 
Tissues convert light absorption into heat, and since an accurate model of temperature 
distribution is very important in predicting lateral thermal damage, research has been 
devoted to modeling the temperature profile in the tissues [130, 133-135, 153]. One 
dimensional, two-dimensional, three-dimensional, and heat transfer models have been used 
to describe temperature distribution during laser ablation [154-156], Again, assuming that 
absorption is the dominant interaction, one can use the Lambert-Beers law to roughly 
determine the heat generated per unit volume as a flinction of depth, H(z) [98]; 
H(z) = dl(z)/dz = aloexp(-az). (3) 
For example, at a depth of 2.0 mm, the NdiYAG laser generates 270 W cm"^ in skin ai an 
input intensity of200 W cm"2. Currently, most laser surgeries use the intense heat 
generated by the beam of light since its selectivity can be precisely controlled. However, 
maximum temperatures reached during ablation are difficult to determine. Verdaasdonk et 
al. [116] have measured ablation temperatures between 220 to 350°C using thermocameras 
but suggested temperatures as high as a 1000°C may have occurred. Partovi et al. [ 13U] 
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Table 4. Optical properties of lasers [99] 
Laser Wavelength 
(nm) 
Absorption 
jia (cm"') 
Scattering 
l-is (cm"') 
Penetration 
Depth, 5 (mm)" 
Er:YAG 2960 10,000 — 0.001 
ArF excimer 193 6000 — 0.002 
CO2 10,600 500 — 0.019 
XeCl excimer 308 25 35 0.200 
Argon ion 488 10 30 0.300 
Nd:YAG 1064 0.1 3 10 
" If |.ia > Us, then 6 equals l/|.ia else 6 equals 1/ (3 |.ia (|.ia + |.is))"^ in cm 
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suggested ablation temperatures up to SOO'C. Thermocouples were used to measure tissue 
ablation and recorded tissue temperatures between 180°C to 450°C [157-159], Infrared 
thermal imaging has been used to measure contact temperatures, but only in the case of 
investigating the surface temperatures of sapphire probes [147]. Modeling and observed 
tissue ablation have predicted ablation temperatures well over 1000°C [160], 
Optical Fiber Delivery Systems 
The use of lasers in surgery has not reached its full potential [45], With the development 
of new wavelengths, different laser-tissue interactions are anticipated which opens a variety 
of new surgical techniques. However, it is not only the laser per se that interests a surgeon, 
but also the optical fiber delivery system [45]. When endoscopic surgery became popular in 
1987, the use of lasers with fiber optic delivery capabilities exploded [161], Silica was the 
logical choice for an optical fiber delivery system since it had been extensively investigated 
and was currently being used and manufactured by telecommunication companies. Silica's 
optical window is 0.15 to 2.5 fim so it is suitable for any lasers whose wavelengths fall 
within this window [162]. In particular silica optical fibers can transmit wavelengths 
emitted by the excimer, argon, Nd:YAG, and Ho:YAG lasers. 
Fiber optics is a rapidly expanding industry and many books have been written about it 
[161-170] but only a brief description of telecommunication and medical grade optical fibers 
is provided here. There are many differences between telecommunication and medical 
grade fibers. Telecommunication fibers are concerned with data transmission. Therefore, 
24 
they are small core (usually 8-9 |im with a 125 urn cladding) to allow only one mode^ to 
transmit, have a small numerical aperture (NA)^, and a loss under 0.1 dB/km. Medical 
grade optical fibers are concerned with power transmission. Therefore they are large core 
fibers (usually 400, 600, or 1000 |im) that transmit many modes (multi-mode fiber), that 
have a large NA, and that keep losses under 1000 dB/km [171], A medical grade fiber 
consists of three parts: a core, a cladding, and a jacket as shown in Figure 4. In a silica 
fiber, the core material, pure silica, propagates the light down the length of the fiber. The 
core of an optical fiber must have a higher index of refraction than the cladding. The 
cladding material, which is usually a polymeric acrylic resin, guides the light down the 
fiber's length. The outer jacket is composed of Teflon or Tefzel which protects the 
core/cladding and imparts strength to the overall fiber. The medical grade optical fibers 
typically have a step index profile, i.e., the core has a single index of refraction while the 
cladding has a single but lower index of refraction. Figure 5 shows the propagation of light 
down a fiber optic cable. The light coming out of the laser must fall within an acceptance 
angle in order to propagate down the fiber. Any light that exceeds the acceptance angle is 
classified as lost light. The acceptance angle is defined as: 
2 The propagating energy has distinct sets of solutions known as modes. When only a 
single energy or wavelength or path propagates down the fiber, it is known as a single-mode 
fiber. 
3 The numerical aperture is defined as the light-gathering ability of the fiber. It is the sine 
of the acceptance angle. 
Jacket 
Cladding 
f 
Core 
^EiliiiiEEft^^K iiii 
g I'' r\;' '> 
« 700 nm 
• 600 |im 
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Figure 4. Medical-grade optical fiber 
to Ul 
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• Accaptanee angle 
Figure 5. Propagation of light down an optical fiber [172] 
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sin 0a = (ni^ - n-if"' (4) 
where 0a is the acceptance angle, ni is the index of refraction of the core and n2 is the index 
of refraction of the cladding. Light propagates down a fiber according to Snell's law [ 172]; 
where ni is the index of refraction of the core, nj is the index of refraction of the cladding, 
and 0s are the angles of refraction. The angle of refraction must be greater than the ci itical 
angle, 0^, in order to propagate light down the fiber. The critical angle at the core-cladding 
interface is defined as [172]: 
where 0c is the critical angle. If the critical angle is not exceeded, scattering would ensue 
resulting in lower light transmissions. In the multi-mode step index silica fibers, the critical 
angle is very important and any deviations from the critical angle would cause scattering. 
Lasers, optical fiber delivery systems, and endoscopes have revolutionized surgical 
techniques, but problems do exist [2]. Surgeons have become increasingly disenchanted 
with lasers and their delivery systems because they are not delivering what they have 
nisin0i = n2sin02 (5) 
sin0c = n2/ni (6) 
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promised. A new delivery system is needed but in order to be developed, one must 
understand how the tissues and the fiber optical delivery systems interact. 
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PROPOSED RESEARCH 
The purpose of this research is to investigate, qualitatively and quantitatively, the 
interactions between tissues and a silica fiber optic delivery system that is transmitting 1.06 
|im laser light from a Nd:YAG laser. Although there has been much research on laser-
tissue interaction, little work has been done investigating the optical fiber's response to 
lasing both in a non-contact (away from the tissue) and a contact (touching the tissue) 
mode. The fiber optic cable works well enough in a non-contact mode, capable of 
transmitting over 90% of the Nd: YAG laser light. In this mode, it is entirely suitable as a 
photocoagulator. However, problems occur as soon as tissue is contacted, especially when 
the fiber tip is transmitting the laser light. Such contact damages the surface which, in turn, 
causes permanent heating of the tip and a drastic reduction in the transmission of laser light. 
Dowlatshahi et al. [173] reported a 73% reduction in light transmission after fiber damage 
which would severely compromise hs ability to promote photocoagulation. However, the 
hot tip can now be used to incise tissue and surgeons often deliberately induce this kind of 
damage in what they refer to as the "bum-in" process [130]. Frequently during the burn-in 
process, a loud popping or snapping sound is emitted with simuhaneous flashes of light. 
Preliminary research by this author showed evidence of catastrophic destruction of the 
fiber tips that had been used in typical gynecological surgeries. Figure 6 shows a scanning 
electron micrograph (SEM) of a pristine silica fiber while Figure 7 shows a micrograph of a 
silica fiber used in surgery. A very aggressive interaction between the tip and tissues is 
shown. Researchers investigating laser-tissue interaction have observed and commented on 
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Figure 6. SEM micrograph of a silica optical fiber in pristine condition 
S u r s e i r y  s a m p l e  
Figure 7. SEM micrograph of a silica optical fiber after use in a gynec ^ logical laser surgery 
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the tip degradation, but a detailed report on the degradation is lacking. It has been 
documented that the fiber damage is caused by a build-up of heat [123, 141, 160, 173, 
174], The charring and clotting of blood reportedly insulates the fiber tip thereby raising 
the temperature, up to 700°C within five seconds at 10 Watts [145], The altered tissue 
structure retards heat dissipation into the surrounding tissues thereby inducing catastrophic 
thermal stresses in the fiber tip. Dowlatshahi et al.[173] suggested heated tissue adhesion 
causes absorption of intense energy resulting in the melting of the fiber, but a fiber threaded 
coaxially in a catheter with a saline perfiision rate of 1 cc/min will minimize damage. 
Other researchers have suggested that the carbon from the desiccated tissues is the seat 
of the intense heating and that the overheated carbon residue then damages the fiber tip 
[130, 131, 157, 158, 175, 176]. Deposited carbon at the tip will absorb almost all of the 
energy fi-om the laser and causes intense, highly localized heating at the fiber tip. 
Verdaasdonk et al. [157] reported that adherent carbonized tissue part cles caused 
absorption of 33% of the laser light in hemispherical optical probes causing temperatures on 
the probe tip to reach 1000°C . He also stated that the adherent carbonized tissue panicles 
could not be removed during rigorous cleaning processes, thereby indicating permanent 
fiber damage, but he concluded that due to the large temperature drop along the surface of 
transparent contact probes, the area of thermal destruction is limited to the front of the 
probes. Isner et al. [142] suggested that mechanical polishing may indice mild convexities 
which focus the beam within the fiber and results in tip destruction. 
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It is hypothesized that fiber tip damage during laser surgery is caused by a complex and 
aggressive interaction between the fiber tip and tissue. Degradation is initiated during burn-
in when high power densities and high temperatures stress/strain the silica bonding network 
of the fiber resulting in absorption and scattering of the laser light. Alkali ions and water 
fi-om the tissue then attack the fiber tip furthering weakening the fiber's structure. High 
temperatures and power densities form also on the sides of the fiber resulting in thermally 
induced breakdown of the chemical network of the fiber. The research described below 
provides an in-depth investigation of surgical optical fibers by examining the materials 
aspect of bum-in and fiber tip degradation. Surface reflectance infi-a-red (IR) spectroscopy 
was used to probe the chemical network of the damaged fibers. Scannmg electron 
microscopy (SEM) was used to investigate the morphological damage incurred by the 
fibers, whereas Energy Dispersive Spectroscopy (EDS) was used to detect the presence of 
any inorganic elements originally in the tissue. 
Another purpose of this research is to develop and characterize thermal shock resistant 
laser optical fibers. Using the information obtained from the degradation of silica optical 
fibers and working as part of a research team, a new laser optical fiber was developed and 
its surgical potential was investigated by using the same investigative techniques mentioned 
above. Other alternatives to optical fiber laser deliveiy systems were also investigated and 
reported. These include alternative contact probe materials and the feasibility of coating 
existing silica optical fibers with diamond layers. 
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EXPERIMENTAL METHODS 
Materials and Equipment 
Nd:YAG laser 
A Cooper Lasersonics Model 6000 Nd. YAG laser was installed in the Mechanical 
Engineering Laser Laboratory in Black Engineering at Iowa State University. It was 
operated in a continuous mode and also in a pulse mode in accordance with the operation 
manual. It lases at a wavelength of 1.064 nm with a helium neon laser (wavelength of 
0.632 Jim) guide beam. 
Target tissue 
Deboned, deskinned chicken breast was used as the target tissue to simulate avascular 
tissue while beef liver was used to simulate vascular tissue [130], The chicken breasts and 
beef liver were stored in a freezer and defrosted when needed. After defrosting to room 
temperature, the target tissue was placed in a giant petri dish in a fume hood. The target 
tissue was kept moist by flushing with deionized water or saline. At the end of the 
experiments, the target tissue was removed. 
Silica optical fibers 
Flexible blunt-end silica fibers were used to deliver the laser light energy to the target 
tissue. These fibers were purchased from Lasersonics (usually style B36D), They have a 
600 |im silica core with a thin acrylic resin cladding and a one millimeter outer diameter 
Tefzel® jacket. The silica core has an index of refraction of 1.45 while the cladding has an 
index of refraction of 1.44 which give these fibers a numerical aperture of 0.17. The fibers 
are multi-mode, step-index fibers. 
Ultra-low expansion (ULE) fibers 
Preliminary results indicated that the major cause of degradation was thermal shock-
induced surface failure of the glass fiber; therefore, it was desirable to develop a new 
surgical optical fiber that had a lower coefficient of thermal expansion than silica. Ultra-
Low Expansion (ULE) glasses were explored in the xTi02 + (l-x)Si02 series, where x is the 
mole fi-action of Ti02. As early as 1969, Schultz and Smyth [199] and Evans [200] showed 
that these glasses exhibit expansion coefficients as much as 30 times smaller than Si02, the 
expansion coefficient of which is 5 x 10"'/°C. In particular, a composition of 92 .5 wt % 
Si02 and 7.5 wt. % Ti02 exhibits a thermal expansion of essentially zero in the range or25-
700°C which is very close to the working temperatures in surgery. Therefore, this glass 
composition was chosen. Over the past three years, ULE preforms were purchased from 
Coming Glass Works. Initially, the size of the preforms were six inches in length and 0.5 
inch in diameter, but it was desirable to obtain more fiber per preform .o larger preforms 
were purchased, 12 inches in length and 0.59 inch in diameter. In all, five separate 
fiberization draws have occurred with usually 3 or 4 preforms being drawn. They are called 
fiber draw #1 to fiber draw #5. The first fiber draw was done at Bellcore with the smaller 
size preforms. The second through fifth draws were done at Rutgers University with only 
the second draw using the smaller size preforms. Fibers pulled from the first fiber draw at 
Bellcore were optically clear but mechanically weak. However, characterization of the 
fiber's lasing performance was done. Fibers pulled from the second fiber draw were 
optically dark and mechanically weak, therefore no experiments were run on them. Fibers 
fi-om the third, fourth, and fifth fiber draws produced optical clear and mechanically strong 
fibers, and subsequently they were characterized. Table 5 sunmiarizes each of the 5 draws. 
To improve the mechanical strength of the third, fourth and fifth draw ULE fibers, more 
rigorous polishing techniques were used on the surface of the preforms, because the surface 
of the fiber will be exactly that of the preform [174]. Any scratches, flaws, or dents on the 
preform appear on the fiber and significantly degrade its mechanical and optical propenies. 
At the point of any imperfection on the fiber surface, light propagates out. Three polishing 
techniques were used: mechanical, flame, and mechanical/flame. 
Mechanical polishing consisted of mounting the preform on a metal lathe and polishing 
the surface with polishing papers and diamond pastes". The polishing papers consisted of 
silicon carbide grains and were used in order of decreasing diameter of the silicon carbide 
grain, i.e., increasing grit number (240 grit -> 400 grit -> 600 grit ->• 800 grit -)-1200 grit 
—> diamond paste with 45 jim ->> 6 )am -> 1 )am). The diamond pastes were used in the 
same manner. Mechanical polishing inflicts scratches on the preform surface with one grii 
but then successively removes the previous ones as smaller and smaller grits are applied, 
eventually leaving a clear, smooth surface. Polishing times varied for each grit number and 
" Sara Anderson, an undergraduate in chemical engineering, mechanically polished the ULE 
preforms. 
Table 5. Summary of the five fiber draws 
Draw# Size, inches Polishing 
method 
Anneal Location of 
pull 
Cladding Fiber diameter 
mm 
Furnace 
1 6x0.5 Flame yes Bellcore silicon acrylate 
n=1.43 
500 
2 6x0.5 Flame yes Rutgers silicon acrylate 
n= 1.43 
600 — 
3 12x0.59 Flame 
Mechanical 
yes Rutgers silicon acrylate 
n= 1.43 
600 redesign 
4 12x0.59 Flame 
Mechanical 
yes Rutgers fluorinated 
acrylate 
n= 1.41 
600 redesign 
5 12x0.59 Flame some Rutgers flourinated 
acrylate 
n= 1.41 
600/800 redesign 
for each preform, because of manufacturing inconsistencies on the preform's surface. This 
method produced smooth, pristine surfaces on the preforms. 
Flame or fire polishing was accomplished by directing the flame from a hydrogen torch 
onto the surface of the preform for approximately 45 minutes to 1 hour^. The temperature 
of the flame ranged fi-om 2200''C to 2400°C. This method also produced smooth, pristine 
surfaces on the preforms; however, some of the preforms had small pits on the surface after 
flame polishing that could not be polished away. These preforms were sent back to Corning 
for replacement. 
Other preforms were mechanically polished and then flame polished. The combination 
of these two methods appeared to produce the smoothest surfaces on the preforms. 
After polishing, the ULE preforms were annealed at 1000°C for 24 hours. It was 
discovered early on that preforms that are not annealed would produce optically dark fibers 
for reasons that will be explained in the discussion section. 
After polishing and annealing, the preforms were fiberized and a UV-cured cladding was 
directly applied to the fibers during the draw. The design of the furnace and the draw 
conditions are proprietaiy information and can not be disclosed. 
All the ULE fibers have an index of refraction of approximately i .48. The fibers pulled 
from the first, second, and third fiber draws have an UV-cured silicone acrylate cladding 
with an index of refraction of 1.43. Therefore its numerical aperture is 0.38. The fibers 
^ The glass shop at Iowa State University flamed polished the ULE preforms. 
pulled from the fourth and fifth fiber draws have an UV-cured fluorinated acrylate cladding 
with an index of refraction of 1.41. Therefore its numerical aperture is 0.45. 
After the preforms were fiberized and spooled, they were sent back to Iowa State 
University for characterization. A variety of lengths of ULE fiber were jacketed using a 
heat-shrinkable polyolefin material. Both ends of the fibers were kit polished to achieve a 
smooth pristine surface. SMA connectors were then connected to one end of the fibers and 
held in place using 1/8, 1/16, and 1/32 of an inch heat shrinkable tubing. 
Contact probes 
The contact probes are blunt-end sapphire, yttria, ULE, and Zerodur tips. The sapphire 
tips are currently on the market. The yttria tips are polycrystals while the Zerodur tips are a 
glass ceramic with Li20*Al203*Si02 composition. Chand Inc. was contracted to 
manufacture six prototypes of each material composition. These tips arrived in the fall of 
1992. These tips are 2 mm in diameter and are connected to the silica fibers with a his/her 
brass screw connector that must be saline dripped in order to cool the connector. The 
yttria, ULE, and Zerodur material were investigated at ISU for possible medical laser use. 
Power meter 
A computer interfaced power meter (model DGX, Ophir) was used and power readings 
were made every 0.5 second for a total of 60 readings for each power level. The power 
levels ranged from 5 W to 50 W. The tips of the fibers, silica and ULE, were placed 
approximately 1 cm away from the detector. 
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Fiber Tip Preparation 
Three different methods were used to prepare the blunt end fibers. One method 
consisted of using a Cooper fiber repair kit (model # 8750) to polish both the silica and 
ULE fibers. Approximately one centimeter of the jacket was stripped away fi-om the core 
and cladding using the Cooper stripper. Next, a one-edged razor blade was occasionally 
used to carefully strip away the acrylic cladding on some of the fibers. To ensure sharp 
edges and smooth surface on the face of the tip, the tip was placed in a polishing apparatus. 
A series of three types of polishing paper was used to achieve the desired surface effects. 
Using a "figure-eight" type of motion, the tip was wet-ground on 600 grit silicon carbide 
polishing paper, then 9 micron polishing paper, then 6 micron polishing paper. After each 
polishing paper, the tip was rinsed with deionized water and inspected using a 14x hand 
magnifying lens. After the desired surface polish was achieved, such as smooth blunt edges, 
the fiber delivery system was connected to the Nd: YAG laser in accordance with the 
manual. 
Another method of preparing the blunt end fibers was using an Ensign-Bickford diamond 
cleave tool (CT-2). This tool was adjusted to cleave the 600 micron fibers. Approximately 
5 centimeters of the jacket was stripped away using the Cooper stripper. The fiber tip then 
was place into the tool and cleaved. This resulted in smooth, pristine, blunt end surface. 
The fiber then was connected to the laser. 
Some of the blunt-end ULE fibers also were prepared using a sapphire scribe tool. The 
soft silicon aci^lic cladding material on the ULE fibers made it extremely difficult to use the 
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diamond cleaver. The soft cladding dulled the cleaver. The sapphire scribe was used to 
scratch the surface on the side of the tip and then the fiber tip was broken off. This resulted 
in a smooth pristine surface. 
Laser Studies 
Many laser experiments were performed in order to understand the degradation of laser 
silica optical fibers. They fall into five major categories: bum-in studies, continuous lasing 
studies, pulsed laser studies, perfusion studies, and transmission studies. In addition, 
experiments were performed on the newly developed ULE fibers. These included 
transmission studies of the third, fourth, and fifth fiber draws, bum-in studies, and ULE vs 
silica lasing studies. The transmission and lasing performance of the contact probe tip 
material were also studied. 
Bum-in studies 
Silica fiber tip degradation is initiated at bum-in. Burn-in is the process in which the 
fiber tip becomes damage so that it no longer photocoagulates tissue, but it now incises or 
bums tissue. Frequently during bum-in, there is a flash of light at the tip/tissue interface and 
an instantaneous burning of the target tissue. The first series of experiments involved 
investigating factors that influence how quickly a fiber bums-in. Figure 8 shows the 
experimental set-up which consisted of a perpendicular placement of a pristine silica fiber 
onto the target tissue and timing the bum-in, that is, measuring the time it takes for a fiber 
to become damaged enough to incise instead of photocoagulate tissue. In all cases, the 
target tissue was kept moist by flushing Avith saline. The influence of power on the burn-in 
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Figure 8. Experimental set-up of the bum-in studies 
times was tested. The power output was varied using 5, 10, 15, 20, 25, 30, and 35 Watts 
and the bum-in times were recorded. Also it was desirable to determine if the fiber tip 
surface, that is, the preparation method, had any influence on the bum-in times. Silica fibers 
were prepared using the two different polishing methods, kit polished and diamond cleaved. 
The bum-in times were recorded for each polishing method and compared. The influence 
of the target tissue on the bum-in times was also tested. The target tissue varied from the 
avascular tissue, chicken breast, to the vascular tissue, beef liver. The bum-in times were 
measured and a comparison was made. 
A series of cyclic bum-in studies were developed to determine the influence of pulsing 
on the bum-in times. Diamond cleaved silica fibers were cycled for a five second on-time 
with a five second ofF-time. A five second off-time was sufficient to allow cooling of the tip. 
If no bum-in occurred after 6 minutes, the trial was terminated. The fibers were held 
stationary for the five second on interval then moved to a new perpendicular position on the 
target tissue during the five second off interval. The target tissue was room temperature 
chicken breasts moisten with saline. The power varied, using 10, 15, 20, 25, 30, 35, and 40 
W. If a fiber tip bumed-in, the SEM was utilized to characterize its morphology. 
Initial results of the bum-in studies indicated that the burn-in process is very complex 
and involves many factors. Therefore experiments were performed in order to understand 
what occurs during bum-in, that is, what is causing the fiber tip to become hot so that it 
incises or bums tissue. Factors that were tested included the influence of carbonaceous 
material adhering to the sides of the fiber after bum-in. Does the presence of this material 
maintain a hot tip? The experiments involved buming-in a fiber, wiping it with ethanol to 
remove any carbonaceous material and then contacting the target tissue again to see if burn-
in would be instantaneous or delayed. Also, colloidal graphite was coated to the sides of 
silica fibers with and without their cladding to test if graphite's presence would induce burn-
in, that is, create a hot tip. Also colloidal graphite was coated on the fiber tip, lased in air at 
increasing power levels, and then the amount of graphite oxidized along the length of the 
tip was measured. These investigations also included buming-in a fiber then repolishing just 
the tip to determine how far back bum-in occurs on the tip. 
Hydration was investigated as a possible factor influencing burn-in. Silica tips were 
boiled in water for times ranging fi-om 1 minute to 1 hour. Surface reflectance IR 
spectroscopy was then performed. IR spectroscopy was also done on silica fiber tip in 
contact with tissue before bum-in to test the influence of a low temperature tissue contact, 
that is, does tissue components such as potassium and phosphorus attack the silica fiber 
during photocoagulation. 
Continuous lasing studies 
Continuous lasing studies were performed in order to determine the influence of power 
output, lasing time, and target tissue on fiber tip degradation. Macroscopic fiber tip 
degradation was qualitatively determined using the SEM while surface reflectance IR 
spectroscopy was used to determine any stmctural changes at the atomic level. The 
continuous lasing studies consisted of lasing a bumed-in fiber at various power levels and 
lasing times on the target tissue. The fiber tip was either burned-in on a piece of wood or 
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on the media itself. The power levels varied from 5 to 50 W while the lasing time varied 
from 30 seconds to 15 minutes. Figure 9 shows a photograph of a fiber lasing the target 
tissue, chicken breast while Table 6 lists the experiments performed. Note that all the tips 
used were polished using the Cooper polishing kit. 
Pulsed lasing studies 
Pulsed lasing studies were performed in order to determine the influence of power 
output, target tissue, and number of cycles on fiber tip degradation. The output of the laser 
was pulsed. All the fibers were prepared using the Cooper polishing kit, and the target 
tissue was air, chicken breast, or beef liver moisten by saline. After an initial burn-in in 
wood or the target tissue itself, the fibers continually scanned the target tissue until the 
experiment was concluded. Table 7 lists the cycled experiments performed. 
Figure 9. A silica fiber lasing a target tissue, chicken breast 
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Table 6. Summary of continuous lasing studies 
Sample 
# 
Power 
(W) 
Bum-in 
media 
Target 
tissue 
Time lased 
(minutes) 
Tip 
surface 
A-1-1 20 air 5 polished 
A-2-1 20 air/quenched 
in water 
5 polished 
A-3-1 20 water 5 polished 
A-4-1 20 water 5 polished 
B-1-1 20 air 5 roughen 
B-1-4 20 water 5 roughen 
C-1-1 20 wood wet j)aper towel 0.5 roughen 
C-1-2 20 wood wet paper towel 1 roughen 
C-1-3 20 wood wet paper towel 2 roughen 
C-1-4 20 wood wet paper towel 1 sec. roughen 
D-1-1 5 wood wood 1 polished 
D-1-2 10 wood wood 1 polished 
D-1-3 15 wood wood 1 polished 
D-1-4 20 wood wood 1 polished 
C-1-5 20 wood paper towel on 
the bottom of a 
water filled 
beaker 
1 polished 
D-1-5 20 wood wood at the 
bottom of a 
water filled 
beaker 
1 polished 
E-1-1 20 ceramic 
plate 
ceramic plate 1 polished 
F-1-1 20 wood chicken 0.5 polished 
F-2-1 20 wood chicken 1 polished 
F-3-1 20 wood chicken 2 polished 
F-4-1 20 wood chicken 5 polished 
F-5-1 20 wood chicken 10 polished 
F-6-1 20 wood chicken 15 polished 
G-I-1 20 wood cold chicken 15 polished 
G-2-1 5 wood cold chicken 15 polished 
G-3-1 10 wood cold chicken 15 polished 
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Table 6. cont. 
Sample Power Bum-in Target Time Tip 
# W media tissue lased, surface 
minutes 
G-4-1 15 wood cold chicken 15 polished 
G-5-1 25 wood cold chicken 15 polished 
G-6-1 30 wood cold chicken 15 polished 
G-7-1 35 wood cold chicken 15 polished 
G-8-1 40 wood cold chicken 5, melted polished 
G-9-1 40 wood cold chicken 15 polished 
G-10-1 40 wood cold chicken 3, melted polished 
G-11-1 50 wood cold chicken 0.5, polished 
melted 
H-1-1 15 wood chicken 0.5 polished 
H-2-1 15 wood chicken 1 polished 
H-3-1 15 wood chicken 2 polished 
H-4-1 15 wood chicken 5 polished 
H-5-1 15 wood chicken 10 polished 
H-6-1 10 wood chicken 0.5 polished 
H-7-1 10 wood chicken 1 polished 
H-8-1 10 wood chicken 2 polished 
H-9-1 10 wood chicken 5 polished 
H-10-1 10 wood chicken 10 polished 
H-11-1 5 wood chicken 0.5 polished 
H-12-1 5 wood chicken i polished 
H-13-1 5 wood chicken 2 polished 
H-14-1 5 wood chicken 5 polished 
H-15-1 5 wood chicken 10 polished 
2-70-1 15 chicken chicken bum-in polished 
2-70-2 15 chicken chicken 0.5 polished 
2-70-3 15 chicken chicken 1 polished 
2-70-4 15 chicken chicken 2 polished 
2-70-5 15 chicken chicken 5 polished 
2-70-6 20 chicken chicken bum-in polished 
2-70-7 20 chicken chicken 0.5 polished 
2-70-8 20 chicken chicken 1 polished 
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Table 6. cont. 
Sample Power, Bum-in Target Time Tip 
# W media tissue lased, surface 
minutes 
2-70-10 20 chicken chicken 5 polished 
2-71-1 10 chicken chicken bum-n polished 
2-71-2 10 chicken chicken 0.5 polished 
2-71-3 10 chicken chicken 1 polished 
2-71-4 10 chicken chicken 2 polished 
2-71-5 10 chicken chicken 5 polished 
2-71-6 25 chicken chicken bum-in polished 
2-71-7 25 chicken chicken 0.5 polished 
2-71-8 25 chicken chicken 1 polished 
2-71-9 25 chicken chicken 2 polished 
2-71-10 25 chicken chicken 5 polished 
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Table 7. Summary of pulsed laser studies 
Sample 
# 
Power 
(W) 
Bum-In 
media 
Target 
tissue 
Time-on 
(sec) 
Time-ofF 
(sec) 
Number 
of cycles 
Total 
time 
(min) 
A-5-1 20 ' air 30 30 5 5 
A-5-4 20 water 30 30 5 5 
B-5-1 20 air 30 30 5 5 
B-5-4 20 water 30 30 5 5 
C-5-1 20 wood wet 
paper 
towel 
30 30 5 5 
G-9-2 
40 wood frozen 
chicken 
300 30 3 15 
¥-6-2 20 wood frozen 
chicken 
300 30 3 15 
F-6-3 20 wood chicken 180 30 5 15 
F-6-4 20 wood chicken 60 30 15 15 
G-3-2 10 wood chicken 300 30 3 15 
G-3-3 10 wood chicken 180 30 5 15 
G-3-4 10 wood chicken 60 30 15 15 
G-4-2 15 wood chicken 300 30 3 15 
G-4-3 15 wood chicken 180 30 5 15 
G-4-4 15 wood chicken 60 30 15 15 
G-2-2 5 wood chicken 300 30 3 15 
G-2-3 5 wood chicken 180 30 5 15 
G-2-4 5 wood chicken 60 30 15 15 
I-l 10 wood chicken 15 15 30 15 
1-2 10 wood chicken 10 10 45 15 
1-3 10 wood chicken 5 5 90 15 
1-4 10 wood chicken 5 5 60 10 
1-5 10 wood chicken 5 5 30 5 
1-6 10 wood chicken 5. 5 120 20 
1-7 10 wood chicken 5 5 15 2.5 
Perfusion studies 
Perfijsion studies were performed in order to determine the influence of saline as a heat 
sink in delaying bum-in times. The perfusion studies consisted of lasing tissue under a 
continuous saline drip bath. A perflision-like set-up was established in the laser laboratory 
The silica fibers were coaxially threaded through catheters while the catheters were 
connected to the saline drip bags. This set-up allowed the fiber tip to be continually bathed 
in saline while lasing. The influence of power output and perfusion rates on burn-in times 
were tested. Also the bum-in times using the saline was compared with the burn-in times 
without the saline. Table 8 lists the experiments that were performed. 
Silica transmission studies 
Silica transmission studies were performed in order to determine the transmission losses 
that occur after a fiber lases the target tissue. Silica transmission studies consisted of 
obtaining a power transmission of a fiber before lasing in tissue then obtaining another 
power transmission after lasing in tissue for a set time and power level. The power level 
ranged from 5 W to 25 W while the experimental lasing times were bum-in, 30 seconds, 1 
minute, 2 minutes and 5 minutes of continuous lasing after bum-in. Table 9 shows the 
experiments performed while Figure 10 shows the experimental set-up. A paired two-
sample t-test was used to compare the before/after power transmissions. After each 
experiment, the silica fiber tips were wiped wath ethanol before being analyzed with the IR 
and EDS systems. It was desirable to determine if tissue residue was only adhering to the 
fiber tip (secondary bonds) or if actual surface bonding was taking place. The IR and EDS 
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Table 8. Studies performed using a perfusion set-up to delay bum-in 
Target tissue Perfusion rate (mL/min) Power (W) 
chicken 0.5 30 
chicken 0.5 40 
chicken 0.5 50 
chicken 1 30 
chicken 1 40 
chicken 1 50 
chicken 2 30 
chicken 2 40 
chicken 2 50 
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Table 9. Studies performed to determine the percent transmission loss after contact lasing 
Sample # Power, Time, 
W minutes 
3-3-1 5 bum-in 
3-3-2 5 0.5 
3-3-3 5 1 
3-3-4 5 2 
3-3-5 5 5 
3-3-6 10 burn-in 
3-3-7 10 0.5 
3-3-8 10 1 
3-3-9 10 2 
3-3-10 10 5 
3-7-1 15 burn-in 
3-7-2 15 0.5 
3-7-3 15 1 
3-7-4 15 2 
3-7-5 15 5 
3-7-6 20 bum-in 
3-7-7 20 0.5 
3-11-1 20 1 
3-11-2 20 2 
3-11-3 20 5 
3-11-4 25 bum-in 
3-11-5 25 0.5 
3-11-6 25 1 
3-11-7 25 2 
3-11-8 25 5 
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Figure 10. Experimental set-up to determine the power transmission in optical fibers 
spectra were compared with the continuous lased sample tips that were not wiped with 
ethanol to determine whether the tissue components are actually bonding to the surface of 
the fiber tip or it is just tissue residue that is easily wiped off. 
Silica optical fiber scattering studies 
Silica scattering studies were performed in order to see surface optical defects on the tip 
of the fiber. Silica fibers were bumed-in and also lased for 30 seconds, 1 minute and 2 
minutes. The fiber, while still transmitting the He-Ne beam, was examined under an optical 
microscope in a dark field mode. A matching index of refraction oil submerged the tip It 
was desirable to see internal fiber damage which should appear as specks of light if the oil's 
index of refiraction differs fi-om the fiber's index of refi-action after bum-in. 35 mm close up 
photos were taken of these fibers while submerged in oil. 
Mechanical strength studies 
The mechanical strength of the ULE fibers was characterized using a standard bend test 
Mechanical strength test was performed on the third draw fibers and also on the fourth 
draw fibers. In the third fiber draw, fibers were pulled fi'om a mechanically and flame 
polished preform, and fi-om two flame polished preforms. The mechanical strengths of 
these fibers were tested. From the fourth fiber draw, fibers were pulled from 2 flame 
polished preforms, and these fibers were also tested. Ten bend radii from each fiber were 
determined by bending a fiber around a caliper until breakage. As a comparison, 10 bend 
radii fi^om a commercial available silica optical fiber were also determined. 
ULE transmission studies 
Using the same power transmission set-up as silica, the ULE fiber fi-om the third, fourth, 
and fifth draws were tested. Power transmission tests were done on the third draw fibers 
that consisted of fiber pulled fi-om a mechanically and flame polished preform, and fibers 
pulled fi-om 2 flame polished preforms. Power transmission tests were done in the fourth 
draw fibers that consisted of fibers pulled fi-om 2 flame polished preforms. Also, power 
transmission tests were done on the fifth draw fibers that consisted of fibers pulled from 3 
different flame polished preforms; however, one of these preforms was not annealed. As a 
comparison, power transmissions fi-om a same length silica fiber were also performed. 
Usually a 4 foot length of ULE fiber was kit polished and its power transmission was 
obtained fi-om 5 to 50 W. 
The optical fiber loss was also determined for the third and fourth draw fibers using the 
cut-back method. The optical fiber loss is calculated using equation (7) 
a (dB/m) = 10/(Li - L2) x log (P2/P1) (7) 
The power transmission. Pi, is measured for a length, Li, of a fiber. Then the fiber is cut to 
a length, L2, and the power, P2, is measured. The longer the fiber, the better is the 
estimation of losses. Power transmission from twenty foot sections of the flame polished 
ULE fiber was measured, the fiber was cut back to 15 feet, and power transmission was 
again measured. Again as a comparison, the optical fiber loss using the cut-back method 
was determined for a commercially available silica fiber. 
ULE bum-in studies 
The stability of the ULE fibers was tested by determining their bum-in times and 
comparing them to the silica bum-in times. Again, bum-in times were found by 
perpendicularly placing the fibers on the target tissue and recording the time to burn-in as 
indicated by a flash of light and burning of the target tissue. 
ULE vs. silica lasing studies 
The ULE vs. silica lasing studies consisted of a side-by-side qualitative comparison of 
the lasing performance of the silica fiber to the newly developed ULE fiber. Two types of 
ULE fibers were tested fi^om the first draw fibers. Type I is ULE fiber pulled from a 
preform that was annealed at ISU, annealed at Bellcore, and pulled at Bellcore. Type 11 is 
called Ix ULE fiber. This fiber was pulled fi"om a preform that was annealed at ISU and 
pulled at Bellcore. It was not annealed a second time at Bellcore. The silica fibers were 
diamond cleaved while the ULE fibers were sapphire scribed. After burn-in, the fibers were 
lased continuously at 5 W or 10 W in either chicken or liver. Table 10 lists the experiments 
performed in the comparison. Note that a replication of these experiments was performed. 
After bum-in, the fibers were also cycled at a pulse rate of 5 seconds on/2 seconds off for 
both 5 and 10 minutes. Table 11 list the pulsed experiments. 
Also the lasing performances of the ULE fibers were compared to those of the silica 
fibers by using a series of timed experiments at a set power of 15 W. Silica fibers and 
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Table 10. ULE vs silica continuous lasing studies 
Sample # Fiber Power, W Target tissue Time, minutes 
CSl Silica 10 chicken 1 
CUl ULE 10 chicken 1 
CS2 Silica 10 chicken 2 
CU2 ULE 10 chicken 2 
CSS Silica 10 chicken 5 
CU3 ULE 10 chicken 5 
LSI Silica 10 liver 1 
LUl ULE 10 liver 1 
LC2 Silica 10 liver 2 
LU2 ULE 10 liver 2 
LS3 Silica 10 liver 5 
LU3 ULE 10 liver 5 
2CS1 Silica 10 chicken 1 
2CU1 ULE 10 chicken 1 
2CT1 Type II ULE 10 chicken i 
2CS2 Silica 10 chicken 2 
2CU2 ULE 10 chicken 2 
2CT2 Type n ULE 10 chicken 2 
2CS3 Silica 10 chicken 5 
2CU3 ULE 10 chicken 5 
2CT3 Type n ULE 10 chicken 5 
2LS1 Silica 10 liver 1 
2LU1 ULE 10 liver 1 
2LT1 Type II ULE 10 liver 1 
2LS2 Silica 10 liver 2 
2LU2 ULE 10 liver 2 
2LT2 Type II ULE 10 liver 2 
2LS3 Silica 10 liver 5 
2LU3 ULE 10 liver 5 
2LT3 Type II ULE 10 liver 5 
5CU1 ULE 5 chicken 1 
5CU2 ULE 5 chicken 2 
5CU3 ULE 5 chicken 5 
5LU1 ULE 5 chicken 1 
5LU2 ULE 5 chicken 2 
5LU3 ULE 5 chicken 5 
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Table 11. ULE vs silica pulsed lasing studies 
Sample Fiber Power Target Time-on Time-ofF Number Total 
# W tissue sec sec of cycles time, 
min 
PCSl Silica 10 chicken 5 2 42 5 
PCUl ULE 10 chicken 5 2 42 5 
PCS2 Silica 10 chicken 5 2 84 10 
PCU2 ULE 10 chicken 5 2 84 10 
PLSl Silica 10 liver 5 2 42 5 
PLUl ULE 10 liver 5 2 42 5 
PLS2 Silica 10 liver 5 2 84 10 
PLU2 ULE 10 liver 5 2 84 10 
2CSP1 Silica 10 chicken 5 2 42 5 
2CUP1 ULE 10 chicken 5 2 42 5 
2CTP1 Ix ULE 10 chicken 5 2 42 5 
2LSP1 Silica 10 liver 5 2 42 5 
2LUP1 ULE 10 liver 5 2 42 5 
2LTP1 IxULE 10 liver 5 2 42 5 
2CSP2 Silica 10 chicken 5 2 84 10 
2CUP2 ULE 10 chicken 5 2 84 10 
2CTP2 IxULE 10 chicken 5 2 84 10 
2LSP2 Silica 10 liver 5 2 84 10 
2LUP2 ULE 10 liver 5 2 84 10 
2LTP2 IxULE 10 liver 5 2 84 10 
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ULE fibers were lased in chicken tissue as well as beef liver for 30 seconds, 1 minute, and 2 
minutes continuously regardless if bum-in occurred. Also, these fibers were pulsed for a 
total time of 5 minutes (2 seconds on/2 seconds off) in chicken tissue as well as beef liver. 
The kit polished fibers slowly scanned the target tissue until the experimental time expired. 
Scanning electron micrographs were taken of these fiber tips and a qualitative comparison 
was performed. Table 12 shows the timed experiments. 
Contact probe studies 
The contact probe studies consisted of obtaining power transmissions of the flat tipped 
sapphire, yttria, Zerodur, and ULE contact tips. A comparison of the power transmissions 
were made. Also the lasing performances of the contact probe material was performed. 
The contact tips were lased in chicken tissue and beef liver at a power of 10 W, perfusion 
rate of Iml/min, and lasing times fi^om 30 seconds to 5 minutes. 
Analysis of Fiber Tips 
After each experiment, approximately 2 centimeters of the fiber tip was sliced off u sing a 
razor blade. The tip was then placed in a labeled petri dish or a labeled envelope until 
further testing. A BioRad (UMA-300A) near IR microscope was used to determine the 
nature of the chemical structure in the lased fiber tips. A single beam, reflective mode was 
used, along with a resolution of 4 cm"l and 128 scans over a 400 to 4000 cm"' range. The 
fiber tips required no prior preparation. They were taken out of the envelopes or the petri 
dishes and carefijlly taped to a slide. After viewing, they were carefully placed back into 
their respective envelopes or petri dishes. 
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Table 12. Timed lasing studies 
Sample Type of Target Time, Bum-in 
number fiber tissue minutes 
3-56-1 silica chicken 0.5 no 
3-56-2 ULE chicken 0.5 no 
3-56-3 silica liver 0.5 yes 
3-56-4 ULE liver 0.5 delayed 
3-56-5 silica chicken 1 yes 
3-56-6 ULE chicken 1 no 
3-56-7 silica liver 1 yes 
3-56-8 ULE liver 1 delayed 
3-56-9 silica chicken 2 delayed 
3-56-10 ULE chicken 2 no 
3-56-11 silica liver 2 yes 
3-56-12 ULE liver 2 no 
3-57-1 silica chicken 5, pulsed no 
3-57-2 ULE chicken 5 pulsed no 
3-57-3 silica liver 5, pulsed yes 
3-57-4 ULE liver 5, pulsed no 
3-65-1 ULE liver 5, pulsed no 
3-65-2 silica liver 5, pulsed yes 
3-65-3 ULE liver 5, pulsed delayed 
3-65-4 silica liver 5 pulsed yes 
3-65-5 ULE liver 5, pulsed delayed 
3-65-6 silica liver 5, pulsed delayed 
3-65-7 ULE chicken 5, pulsed no 
3-65-8 silica chicken 5, pulsed no 
3-65-9 ULE liver 5, pulsed delayed 
3-65-10 silica liver 5, pulsed yes 
3-72-1 silica chicken 5, pulsed no 
3-72-2 • ULE chicken 5, pulsed no 
3-72-3 silica liver 5, pulsed yes 
3-72-4 ULE liver 5, pulsed no 
3-72-7 silica liver 5, pulsed yes 
3-72-8 ULE liver 5, pulsed no 
After the spectra were obtained from the IR spectrometer, the fiber tips were then 
prepared for the scanning electron microscope (SEM). The tips were placed on top of a 
one inch carbon cylinder surface using double backed adhesive tape. More than one tip was 
mounted to the carbon stub after carefiilly labeling it. The tips were pressed down carefully 
in order to fix them to the tape. They were sputtered coated using an E5100 sputter coater 
(Polaron Instruments, Inc.). Gold was deposited onto the fiber tips for two minutes with a 
gold deposition rate of 154 angstroms/minute. After coating, the carbon stubs containing 
the tips were placed into petri dishes. 
A JSM-840A SEM was utilized to characterize the morphology of the samples, such as 
any cracking or spalling that may have occurred. The SEM was operated at an accelerating 
voltage between 5 to 15 keV using a working distance of 15 mm or 30 mm. Magnifications 
used in this study range from 95X to 500X. SEM photos were taken using Polaroid type 
55 and type 53 film (Polaroid Corporation, Cambridge, MA). 
After SEM micrographs were taken, the EDS (KEVEX) was utilized. The EDS analysis 
allows one to roughly determine what elements are present on the fiber tips. 
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RESULTS 
Bum-in Results 
Bura-in times are influenced by the power output of the laser as well as the polishing 
method and target tissue. Figures 11 to 13 show graphs of the bum-in times for silica at 
different power levels, polishing methods, and target tissue respectively. As power output 
increased, the bum-in times decreased for silica fibers. Diamond cleaved silica fibers 
demonstrated longer bura-in times than kit polished silica fibers. At powers higher than 20 
W, the kit polished silica fibers had instantaneous bum-ins, while at 5 and 10 W, the 
diamond cleaved silica fibers had bum-in times greater than 5 minutes. Silica fibers burned-
in in chicken have longer bum-in times than silica fibers bumed-in in liver. Liver strongly 
absorbs the 1.064 jam Nd:YAG laser light, so laser light penetration was shallow resulting 
in faster bum-in times. 
The bura-in times of the first draw ULE fibers were determined and compared with the 
bum-in times of silica. Figures 14 and 15 show the bura-in times of silica and ULE burned-
in in chicken and in liver respectively. At 5 W, the ULE fibers and silica had burn-in times 
greater than 5 minutes when bumed-in chicken. At 20 W, the ULE fiber had a 10 second 
longer bura-in time than silica. However, the first draw ULE fibers were not tested above 
20 W due to poor power transmissions. At power outputs less than 20 W, however, ULE 
fibers had, on the average, longer bura-in times than the diamond cleaved silica fibers 
Bum-in times were also determined for the fourth draw ULE fibers, and again were 
compared with the bura-in times of silica. Figure 16 shows a graph of the burn-in times 
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Figure 11. Bum-in times of diamond cleaved silica lased in chicken at various powers 
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Figure 12. Bum-in times of kit polished and diamond cleaved silica bumed-in in chicken 
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Figure 13. Bum-in times of diamond cleaved silica fibers bumed-in in liver and chicken 
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Figure 14. Bum-in times of diamond cleaved silica and ULE fibers bumed-in in chicken 
66 
8 
6 
4 
2 
0 
•2 
10 5 
power, W 
Figure 15. Bum-in times of diamond cleaved silica and ULE fibers buraed-in in liver 
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Figure 16. Bum-in times of fourth draw ULE and silica fibers bumed-in in liver 
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versus power when the fibers are bumed-in in liver. On the average, the ULE fibers 
exhibited longer bum-in times. However, a slight problem arose with the fourth draw ULE 
fibers. During bum-in, the cladding had a tendency to catch on fire, therefore instantly 
initiating the bum-in process. To eliminate this problem, the cladding on the ULE fibers 
was scrapped off Also, to compensate for differences in power transmissions between the 
silica and ULE fibers, the laser was calibrated to deliver the desired power level for each 
type of fiber. 
Table 13 shows the statistical analysis of the bum-in times. The kit polished silica fibers 
had shorter bum-in times than the diamond cleave fibers. However, the standard deviation 
was smaller for the kit polished silica fibers indicating that while the diamond cleaved fibers 
had a more pristine surface resulting in longer bum-in times, the kit polishing method 
produced more consistent tip surfaces. Also, the average bum-in time decreases as power 
output increases for both types of fibers. Cladding on some of the silica fibers was scraped 
ofif prior to bum-in, but no statistical differences in bum-in times could be found between 
the uncladded and cladded silica fibers. The standard deviation for the burn-in times was 
very high indicating that there were other factors influencing the burn-in times besides 
power, polishing, and tissue type. Also, the bum-in times between the different fiber draws 
appeared consistent. 
Along with bum-in times, ER. spectroscopy and SEM were used to characterize the 
bumed-in fibers. Figures 17 to 20 show micrographs of kit polished silica fibers that were 
bumed-in in chicken at 5, 10, 15, and 20 W respectively. These micrographs show the lack 
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Table 13. Statistical analysis of the bum-in times for fibers lased in chicken (liver) 
10 Watts 15 Watts 20 Watts 25 Watts 30 Watts 
time, 
sees. 
ave. 
time 
std. 
dev. 
ave. 
time 
std. 
dev. 
ave. 
time 
std. 
dev. 
ave. 
time 
std. 
dev. 
ave. 
time 
std. 
dev. 
Kit Polished 
Silica 
34 9.4 11.9 8.9 4:i 4.5 ~ — ~ ~ 
Diamond 
Cleaved 
Silica 
300 
(3.3) 
80.6 
(2.5) 
72.7 
(2.5) 
29.0 
(1.5) 
35.5 
(1.0) 
24.5 
(1.7) 
30.5 
(<1) 
27.3 14.5 
(<•) 
16.1 
First draw 
ULE 
310 
(3.6) 
94.5 
(4.1) 
80.2 
(3.0) 
25.8 
(1.5) 
45.7 
(1.5) 
25.6 
(1.3) 
Kit Polished 
Silica 
(5.5) (0.5) (2.7) (0.6) (>1) 
Fourth draw 
ULE 
(9.0) (1.0) (5.3) (0.6) (1.7) (0.6) 
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Figure 17. SEM micrograph of a silica fiber bumed-in at 5 W 
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Figure 18. SEM micrograph of a silica fiber tip, top view, buraed-in at 10 W 
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Figure 19. SEM micrograph of a silica fiber tip bumed-in at 15 W 
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Figure 20. SEM micrograph of a silica fiber tip bumed-in at 20 W 
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of large structural damage to the fiber which would hinder laser light transmission thereby 
causing tip heating. While the morphological damage is minimal, there are some blister-like 
formations appearing on some of the bum-in fiber tips. Figure 20 shows these blister-like 
formations while Figure 17 shows a silica fiber tip that has a chip that was not polished 
away. Figures 21 and 22 show micrographs of ULE fibers that were bumed-in in chicken at 
low. The bum-in time was 161 seconds for the fourth draw ULE tip in Figure 21 There 
are some pitting and blister formations on the surface of this fiber which is a common 
feature in some bumed-in silica and ULE fiber tips. The observed pitting may be due to 
explosive boiling, but again, no large morphological damage is seen on the fiber tips. The 
bum-in time for the first draw ULE fiber tip in Figure 22 was 252 seconds. Even though 
the bum-in times for the different fiber draws are approximately constant, their stability In 
tissue varies greatly. The first draw ULE fibers were very unstable. For example, a bubble 
formed on this tip during bum-in. This may be due to the reduction of Ti""* to Ti' 'in the 
fiber. The reduced titanium, Ti"^^, strongly absorbs the 1.06 |am wavelength of the Nd:YAG 
laser. A detailed explanation of this phenomena will be provided in the discussion section. 
Since no large morphological damage to the bumed-in fiber tips was observed but fiber 
tip heating still occurred, IR spectroscopy was utilized. IR spectroscopy is an excellent 
method to determine what short range order (SRO) is present in the optical fibers. Figure 
23 shows an IR spectra of a pristine silica fiber. The ER. spectrum of a pristine silica fiber 
shows the two typical absorption peaks of silica. The absorption peak at around 1130 
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Figure 21. SEM micrograph of a fourth draw ULE fiber bumed-in at 10 W 
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Figure 22. SEM micrograph of a first draw ULE fiber bumed-in at 10 W 
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Figure 23. Surface reflectance IR spectrum of a pristine silica fiber 
cm"^ is strong and broad and arises from the silicon-oxygen stretching mode [179], The 
less intense peak at 850 cm"l represents the bond bending mode of the silicon-oxygen bond 
[179]. A bumed-in silica fiber had a slightly different IR spectrum. Figure 24 shows IR 
spectra of a kit polished pristine silica fiber and two bumed-in kit polished silica fibers. 
These fibers were bumed-in in chicken breast at 10 and 15 W. The IR spectra of the 
bumed-in fiber tips had undergone slight distortion on the shoulder of the 1100 cm"' peak 
and some peak position change; however, no new absorption modes were observed. The 
discussion section will provide a more detailed analysis of the distortion. 
EDS was utilized to determine what elements were present on the fiber. Figure 25 
shows an EDS spectrum of a pristine silica fiber. There are prominent silicon and oxygen 
peaks with a small gold peak and a small carbon peak. The gold peak is the result of the 
fiber samples being sputter coated with gold while the carbon peak is due to the fact that 
the fiber samples are mounted on carbon stubs. Figures 26 and 27 show EDS spectra of 
bumed-in silica fiber tips. The tips were kit polished and bumed-in in chicken at 10 and 25 
W respectively. Most EDS spectra of the bumed-in silica fiber tips show prominent silicon 
and oxygen peaks with a notable carbon peak and small inorganic tissue element peaks, 
such as phosphorus or potassium. A dot map of a bumed-in silica fiber is shown in Figure 
28. This fiber was bumed-in in chicken at 15 W. The mapping shows the presence of silica 
and oxygen on the tip of the fiber; however, notice the absence of inorganic tissue elements. 
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Figure 24. Surface reflectance IR spectra of a pristine and 2 bumed-in silica fibers 
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Figure 25. EDS spectrum of a pristine silica optical fiber 
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Figure 26. EDS spectrum of a silica fiber tip bumed-in at 10 W in chicken 
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Figure 27. EDS spectrum of a silica fiber tip bumed-in at 25 W in chicken 
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Figure 28. Dot map of a silica fiber burned-in at 15 W 
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In the cyclic bum-in experiments, the laser was cycled for 5 seconds on and 5 seconds 
off while the fibers were held stationary on chicken tissue for the 5 second on time then 
moved to a new position. Cycling the laser output did cause a slight increase in the burn-in 
times. Cycling allowed the tip to cool between lasing, delaying the massive build-up of 
heat. 
At 10 W, the silica fiber tip did not bum-in after-6 minutes of cycling. The circular zone 
of photocoagulation (cooked chicken) was small, less than 1 mm in diameter and less than 
1mm in depth. Figure 29 shows an SEM micrograph of this fiber tip. Chicken tissue 
adheres to the fiber tip which may eventually aid in the bum-in. At 15 W, the silica fiber tip 
did not bum-in after 6 minutes. The circular zone of photocoagulation was slightly bigger 
at 15 W than at 10 W with a diameter of 1 mm and a depth of 1 mm. Figure 30 shows an 
SEM micrograph of the tip which also has chicken tissue adhering to it. Notice the blisters 
on the fiber's surface. At 20 W, the silica fiber did not bum-in after 6 minutes of cycling 
The circular zone of photocoagulation was about 2 mm in diameter with a depth of 1.5 mm. 
Chicken tissue adhered to this fiber also. After the 6 minutes, this tip was lased in air, 
igniting the chicken tissue and the bum-in process of the fiber, i.e., flash of green light with 
simultaneous burning of the chicken tissue. Figure 31 shows an SEM micrograph of this 
tip. Notice the absence of chicken covering the tip. Figure 32 shows another diamond 
cleaved silica fiber which was cycled at 20 W in parallel with the fiber mentioned above. 
Bum-in occurred after 1.3 minutes. Notice the absence of any tissue cri the burned-in tip. 
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Figure 29. SEM micrograph of a silica fiber lased in chicken at 10 W before bum-in 
Figure 30. SEM micrograph of a silica fiber tip lased in chicken at 15 W before bum-in 
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Figure 31. SEM micrograph of silica lased in chicken at 20 W, and lased in air until bum-in 
Figure 32. SEM micrograph of a silica fiber lased in chicken at 20 W until bum-in 
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Above 20 W, most silica fibers bumed-in before the six minutes. Three trials at 30 W 
were performed. They bumed-in after 145, 22 and 190 seconds. At 35 W, burn-in 
occurred after 274 seconds and also after 5 seconds. Above 30 W, violent bubbling and 
mini-explosions would sometimes occur in the chicken causing longer bum-in times. 
Interesting results emerged from the bum-in cyclic testing of the first draw ULE fibers. 
At 20 W, bum-in occurred after 165 seconds. This-bumed-in fiber was lased another 90 
seconds in which time a sparkling effect was observed. Sparkling causes the fiber to be 
burnt back, i.e., a total reduction to the Ti""^ state occurs at the tip. Figure 33 and 34 show 
SEM micrographs of ULE fiber tips that have undergone sparkling. Another ULE fiber was 
lased at 20 W. After 175 seconds, bum-in occurred with instantaneous sparkling. Above 
20 W, the ULE fiber would instantly bum-in with sparkling occurring. This phenomena of 
sparkling will be explained in detail in the discussion. The third, fourth, and fifth draw ULE 
fibers did not demonstrate this sparkling effect during burn-in or during lasing in air at the 
higher powers. 
Colloidal graphite was applied to the silica fiber tips to determine if bum-in can occur 
without contacting tissue. The fiber was then lased in air that resulted in an instantaneous 
oxidation of the graphite and hence, buming in of the fiber. Examining, this tip under a light 
microscope showed the presence of a light black irregular ring around ;he fiber tip 
approximately 0.5 mm from the tip. Above this ring, the fiber tip was tree of any debris. 
Another irregular blackish ring was noted approximately 1 mm back from the tip. This ring 
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Figure 33. SEM micrograph of a ULE fiber after sparkling 
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Figure 34. SEM micrograph of a ULE fiber after sparkling 
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was determined to be cladding that had been burned back. Between the two rings, the fiber 
tip was spattered with bits of carbonaceous material. These two rings were observed in 
most bumed-in fibers. Approximately 0.7 mm of this fiber was kit polrihed off, that is, the 
first ring was polished off to determine the extent of bum-in, and then contacted chicken 
tissue while energized with the laser at 15 W. The fiber took 60 seconds to bum-in. This 
experiment was repeated two more times with similar results. Surface reflectance IR 
spectra were obtained of a bumed-in fiber. The spectrum was taken at the black ring 
around the fiber and is shown in Figures 35. 
A silica fiber was kit polished and approximately 40 mm of its cladding and jacketing 
were stripped ofiF. Colloidal graphite was applied to the 40 mm section of bare fiber, and 
the power level was increased so that the amount of colloidal graphite oxidized could be 
measured. At 10 W, about 1.5 mm of colloidal graphite was oxidized, but the whole 40 mm 
of the fiber was smoking. At 20 W, 15 mm of the graphite was oxidized. At 30 W, 36 mm 
was oxidized while at 40 W the rest of the graphite was oxidized. The tip was then wiped 
with ethanol and contacted to chicken while energized at 15 W resulting in a 25 second 
bum-in. 
Again, colloidal graphite was applied to a silica tip. The tip was lased in air which 
resulted in oxidation of the colloidal graphite at the tip and approximat.-ly 0.5 mm along the 
sides. The tip coi^.tacted chicken at 10 W which resuhed in an instantaneous lasing of the 
tissue. Again this experiment was repeated five times with similar rest- .ts occurring. 
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Figure 35. IR spectrum of a silica fiber tip taken at the black ring location 
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A silica fiber was bumed-in in chicken. Again, two light black irregular rings were 
observed on the surface of the fiber. The first ring was approximately 0.6 mm from the tip 
while the other, the cladding, was 1.2 mm fi-om the tip. The fiber was kit polished just 
above the first ring, that is, approximately 0.3 mm was polished away. When this fiber 
contacted the chicken, bum-in took 15 seconds at 15 W. This was repeated three more 
times with similar results, that is, bum-in was 15 seconds, 9 seconds, and 11 seconds. 
At 15 W, kit polished silica fibers were bumed-in in chicken, wiped with ethanol and 
scrapped with a razor blade to eliminate any traces of carbonaceous material and the 
commonly observed black rings. Then they were placed in contact with chicken again and 
the bum-in times were recorded once more. Table 14 shows the initial burn-in times and 
the bum-in times after removing the carbonaceous material. 
Surface reflectance IR spectra of silica fiber tips that were boiled in saline are shown in 
Figure 36. Figure 36a is a spectrum of a silica fiber that was boiled for 10 minutes while 
Figure 36b represents a silica fiber boiled for 2 hours. Also IR spectra of silica fibers prior 
to bum-in are shown in Figure 37. Figure 37 is a spectrum of a silica fiber that was in 
contact with chicken at 15 W for 30 seconds prior to bum-in. 
Continuous Lasing Results 
Fibers lased in a non-contact mode, such as in air or water, exhibited no structural 
damage. Figures 38 and 39 show micrographs of silica fibers lased in air and water at 20 W 
for 5 minutes respectively. The fibers displayed no change in morphology nor did burn-in 
occur. 
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Table 14. Bum-in times of silica fibers at 15 W after an ethanol wash 
Sample number Initial bum-in, 
seconds 
Secondary burn-in, 
seconds 
4-17-1 11 3 
4-17-2 50 ' 26 
4-17-3 55 33 
4-17-4 60 instant 
4-17-5 64 instant 
4-17-6 59 instant 
90 
4000 3500 3000 2500 2000 1500 • 1000 500 
waveniunber, cm-1 
Figure 36. IR spectra of silica tips boiled for a) 10 minutes and b) 2 hours 
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Figure 37. IR spectrum of a silica tip in contact with chicken before bum-in 
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Figure 38. SEM micrograph of a silica tip lased in air at 20 W for 5 minutes 
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Figure 39. SEM micrograph of a silica tip lased in water at 20 W for 5 minutes 
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Fibers lased in a contact mode, such as in wood or tissue, exhibited structural damage. 
When a piece of wood was lased, bum-in was instantaneous at all power outputs. 
Micrographs of these tips displayed severe melting and degradation of the fiber tips. Figure 
40 shows a silica fiber lased in wood for one minute at 5 W. Catastrophic damage is 
evident. Fibers lased in tissue exhibited a variety of structural damage depending upon the 
power output, the lasing time, and the target tissue {chicken or liver). 
The power output of the laser influenced the amount of structural damage sustained by 
the fiber tip. Fiber tips underwent catastrophic damage when lased in chicken at power 
levels greater than 20 W. Extensive melting and even bending of the fiber occurred. Figure 
41 shows a fiber that was lased in chicken for 1 minute at 40 W. 
As the power increased fi^om 5 W to 20 W, the amount of fiber tip damage also 
increased. Figures 42 and 43 show micrographs where the power output increased from 5 
W to 20 W, respectively. These fibers were lased in chicken continuously for 1 minute after 
a bum-in in wood. The micrographs show a slight increase in fiber tip damage as the power 
level increased. 
The lasing time also influenced fiber tip damage. Figures 44 and 45 show micrographs 
where the lasing time increased from 30 seconds to 1 minute at a constant power output of 
10 W. These fibers were lased in chicken. The micrographs show an overall increase in 
damage as the lasing time increased. 
The type of tissue the fiber is lased in also influenced the amount of fiber tip degradation. 
Figures 46 and 47 show silica fibers lased in chicken and liver for 1 minute at 20 W 
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Figure 40. SEM micrograph of a silica fiber lased in wood at 5 W for 1 minute 
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Figure 41. SEM micrograph of a silica fiber lased in chicken at 40 W for 1 minute 
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Figure 42. SEM micrograph of a silica fiber lased in chicken at 5 W for 1 minute 
Figure 43. SEM micrograph of a silica fiber lased in chicken at 20 W x>r 1 minute 
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Figure 44. SEM micrograph of a silica fiber lased in chicken at 10 W for 30 seconds 
Figure 45. SEM micrograph of a silica fiber lased in chicken at 10 W for 1 minute 
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Figure 46. SEM micrograph of a silica fiber lased in chicken at 15 W for 1 minute 
Figure 47. SEM micrograph of a silica fiber lased in liver at 15 W for 1 minute 
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respectively. Silica fibers lased in chicken exhibited less fiber tip damage than fibers lased in 
liver. 
Surface reflectance IR spectroscopy and EDS of the lased fiber tips were performed. 
Figure 48 shows IR spectra of a) pristine fiber; b) silica fiber lased in chicken for 30 seconds 
at 25 W; and c) silica fiber lased in chicken for 2 minutes at 25 W. These spectra show an 
increase in peak distortion as well as possible new peak formation as the lasing time 
increased. Figure 49 also shows IR spectra of two silica fiber tips whose power output 
increased from 5 to 25 W while lasing in chicken for 30 seconds. Very similar distortion is 
evident between the two spectra. IR spectra of silica fibers lased in chicken and silica fibers 
lased in liver displayed related spectra. 
Figures 50 to 52 show EDS graphs of silica fiber tips lased in chicken for 30 seconds at 
20 W, for 5 minutes at 20 W, and for 2 minutes at 15 W respectively. Figures 50 and 52 
show very similar peaks and peak intensities. Prominent phosphorus and potassium peaks 
are displayed with the phosphorus peak intensity exceeding the silicon peak intensity in 
Figure 51. The large potassium and phosphorus peaks are typical features found in EDS 
graphs of fibers lased in chicken and liver for any extended period of time. 
Figures 53 and 54 show dot maps of continuous lased silica fibers. Figure 53 is a dot 
map of the fiber shown in Figure 47. Notice the mass of liver (» 300|am) on the fiber tip 
which is displayed as phosphorus and potassium on the dot map. Figure 54 shows a dot 
map of a fiber lased at 15 W for 2 minutes. Notice how the presence of phosphorus 
completely obliterates the silicon presence. 
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Figure 48. IR spectra of a silica fiber a) pristine; b) 30 seconds; c) 2 minutes at 25 W 
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Figure 49. IR spectra of a silica fiber a) pristine; b) 5 W; c) 25 W at 3 0 seconds 
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Figure 50. EDS spectrum of a silica fiber lased in chicken at 20 W for 30 seconds 
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Figure 51. EDS spectrum of a silica fiber lased in chicken at 20 W for 5 minutes 
Si 
0 P 
4- 0.000 Rarige= 10.230 keV 9.950 
\ 
Figure 52. EDS spectrum of a silica fiber lased in chicken at 15 W for 2 minutes 
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Figure 53. Dot mapping of a silica fiber lased in liver at 15 W for 1 minute 
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Figure 54. Dot mapping of a silica fiber lased in liver at 15 W for 2 m nutes 
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Pulsed Lasing Results 
Pulsing the laser output while the fiber lased in a non-contact mode (i.e., air) produced 
no bum-in or structural damage at the tip. The results are similar to those of the continuous 
lasing studies where a non-contact mode produces no damage to the fiber tips. 
Fibers pulsed in contact with chicken produced fiber tip degradation. Figures 55 and 56 
show SEM micrographs of samples G-3-2 and 1-2, where the cycles were increased from 3 
to 45 while the total lasing time remained constant at 15 minutes. Fiber tip damage 
increased with increasing number of cycles, but after more than 15 cycles, the damage 
appears constant. 
Figures 57 and 58 show micrographs of silica fiber tips of 16 and 17 where the fiber tips 
underwent an increasing number of pulsed cycles fi^om 15 to 120 with increasing total time 
at constant power of 10 W. The fiber tip damage appeared to be constant at the higher 
cycle rates with the increased lasing time having no substantial effects. 
Increasing the power output also influenced fiber tip degradation. Sample numbers G-2-
4 and F-6-4 correspond to micrographs in Figures 59 and 60. The power output was 
increased fi-om 5 W to 20 W while keeping all other parameters constant Fiber tip damage 
increased as the power output increased and melting of the tip occurred at 20 W 
Surface reflectance IR spectroscopy was performed on the above mentioned silica fiber 
tips. No correlation between peak distortion and power output or number of cycles was 
found in the IR spectra. But the amount of peak distortion and new peak formation was 
accelerated in the pulsed mode as compared to the continuous lasing mode. Figure 61 
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Figure 55. SEM micrograph of a silica fiber pulsed in chicken for 3 cycles at 10 W 
Figure 56. SEM micrograph of a silica fiber pulsed in chicken for 45 cycles at 10 W 
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Figure 57. SEM micrograph of a silica fiber pulsed in chicken for 15 cycles at 10 W 
Figure 58. SEM micrograph of a silica fiber pulsed in chicken for 120 cycles at 10 W 
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Figure 59. SEM micrograph of a silica fiber pulsed in chicken for 15 cycles at 5 W 
Figure 60. SEM micrograph of a silica fiber pulsed in chicken for 15 cycles at 20 W 
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Figure 61. IR spectrum of a silica fiber tip pulsed in chicken for 15 cycles at 5 W 
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shows an IR spectrum of a silica fiber pulsed in chicken for 15 cycles at 5 W, sample G-2-4. 
The EDS spectra again showed prominent phosphorus and potassium peaks when the fiber 
tip was lased for any substantial amount of time. 
Saline Perfusion Results 
The bum-in times with and without saline have been measured and are listed in Table 15. 
It is apparent that the perfusion rate, power output,- and target tissue have an influence over 
bum-in times. Some of the silica fibers used in these experiments had a silicon cladding. 
This cladding easily bums-in causing black soot to be deposited on the fiber tip. It appears 
that this type of cladding facilitates the bum-in mechanism. 
Silica Transmission Results 
Figure 62 shows the percent loss in power transmission out the fiber tip after lasing in 
chicken. The average power transmission before lasing was compared with the average 
power transmission after lasing. A t-test "Paired Two Sample for Means" showed that the 
results had statistical significance. At the higher power levels and longer lasing times, the 
percent transmission loss increased. In particular, at 20 W after 5 minutes of lasing in 
chicken the percent transmission loss was almost 50%. 
These fiber tips were washed with ethanol to remove any carbonaceous debris. IR 
spectroscopy and EDS were performed and compared with the unwashed silica fiber tips 
from the continuous lasing studies. Again, as the lasing time increased, there was a 
progressive increase in the intensity of the phosphorus and potassium peaks in the EDS 
spectra. Figure 63 is an EDS spectrum of a washed silica fiber tip that has been burned-in 
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Table 15. Bum-in times for the perfiision lasing studies 
Target tissue Power, 
W 
Perfusion rate 
mL/min 
Average 
Bum-in time 
with saline, 
seconds 
Average 
Burn-in time 
without saline, 
seconds 
chicken 30 0.5 4.0 <1 
chicken 30 1.0 36 15.6 
chicken 30 2.0 22.5 10 
chicken 40 0.5 1.5 <1 
chicken 40 1.0 21 ••••1 
chicken 40 2.0 38.8 5.6 
chicken 50 0-5 1.4 < 1 
chicken 50 1.0 2.8 <1 
chicken 50 2.0 6.5 <1 
liver 40 0.5 1.5 1 
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Figure 62. Transmission loss in silica fibers after lasing in chicken 
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Figure 63. EDS spectrum of a washed silica fiber bumed-in in chicken at 25 W 
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in chicken at 25 W. When compared to Figure 27 of an unwashed silica fiber tip that had 
been bumed-in in chicken at 25 W, the spectra appear very similar except the intensity of 
the carbon peak was much smaller for the washed silica fiber tip. An EDS of a washed silica 
fiber tip that had been lased in chicken at 20 W for 30 seconds can be found in Figure 64. 
When this was compared with its unwashed counterpart in Figure 50, the spectra appeared 
similar except the carbon intensity peak was much smaller in the washed sample. Figures 65 
and 66 show EDS spectra of washed silica fiber tips that were lased in chicken at 20 W for 
5 minutes and at 15 W for 2 minutes, respectively. When these spectra were compared with 
their unwashed counterparts in Figure 51 and 52, again the spectra were very comparable 
except that the carbon peaks were less intense in the washed samples. Figure 67 shows 
surface reflectance IR spectra of a washed silica tip that was a) lased 30 seconds; b) lased 1 
minute; c) lased 2 minutes; and d) lased 5 minutes in chicken at 10 W. There appeared to 
be a new peak forming at around the 625 cm"'. Figure 68 shows surface reflectance IR 
spectra of silica fiber tips lased in chicken at 10 W for 30 seconds except the tips are a) 
washed and b) unwashed. There was no notable differences between these two spectra 
except there is a peak around the 3500 wavenumber in the unwashed sample, IR spectra of 
the unwashed and washed silica fiber tips did not demonstrate major differences in their 
spectra. 
Light Scattering Results of Silica Fibers 
Using a light microscope, the silica fibers were observed submergec. in a matching index 
of refi'action oil. A pristine silica fiber under oil showed no surface flaws or scattering of 
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Figure 64. EDS spectrum of a washed silica fiber lased in chicken at 20 W for 30 seconds 
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Figure 65. EDS of a washed silica fiber lased in chicken at 20 W for 5 minutes 
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Figure 66. EDS spectrum of a silica fiber lased in chicken at 15 W for 2 minutes 
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Figure 67. IR spectra of washed silica fibers lased at 10 W from 30 seconds to 5 minutes 
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Figure 68. IR spectra of a a) washed and b) unwashed fiber lased at 10 W for 30 seconds 
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the helium neon beam. A bumed-in silica fiber was very difficult to distinguish from a 
pristine fiber when placed in the oil. A silica fiber lased in liver at 20 W for 15 seconds was 
wiped with ethanol and showed scattering at the very tip, approximately 0.5 mm when 
submerged in oil. After 1 minute oflasing in chicken at 20 W, the silica fiber showed about 
4 mm of scattering. Repeating this experiment incurred similar scattering results if not more 
scattering. For example, after 15 seconds of lasing4n liver at 20 W, the silica fiber showed 
scattering down its length while a red haze of scattering encompassed about 2 mm of the 
tip. It is possible that the scattering is a result of surface damage instead of a change in 
index of refraction at the tip. For this reason, about 3 mm of the silica fiber tips were 
surface roughen with a 320 silicon carbide grit polishing paper. Under oil, these fibers 
showed scattering on about 3 mm of the fibers' surfaces; but there was no red haze of 
scattering at the tip which was seen for the samples lased in tissue. Figure 69 shows a 35 
mm photograph of a pristine silica fiber under oil while Figure 70 shows a 3 5 mm 
photograph of a silica fiber lased in liver at 20 W for 1 minute. Notice the red haze ol" 
scattering surrounding about 2 nmi of the tip in Figure 70. It was very difficult obtaining 
high quality photographs due to the nature of the fibers. 
Fiber Strength Results 
Figure 71 shows the mechanical bend strength of ULE fibers from the third draw. Fiber 
from the mechanical and flame polished preform has an average radius of 25 mm. but note 
the variability in the bend radius. They ranged from 42 mm to 7 mm. Fibers from the two 
flame polished preforms had average radiuses of 19 mm and 16 mm, respectively 
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Figure 69. 35 mm photo of a pristine silica fiber under oil 
Figure 70. 35 mm of a silica fiber lased in liver at 20 W for 1 minute 
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Figure 71. Bend radius test of third draw ULE fibers 
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flame polished # 2 fibers had the smallest bend radius with the most consistency. Figure 72 
shows the mechanical bend strength of the best third draw fiber, the best fourth draw fiber, 
and also commercial silica fiber. A flame polished fiber fi-om the fourth draw had the 
smallest average bend radius, 10.4 mm. Recall that the fourth draw ULE fibers had a 
harder and clearer cladding than the previous ULE fiber draws. Average bend radius of 
silica was 8 mm, therefore the fourth draw ULE fibers are very comparable in mechanical 
strength to the commercially available silica fibers. 
ULE Transmission Results 
Power transmissions of four foot sections of third draw ULE fiber were obtained. 
Figure 73 displays percent power transmission vs. power for third draw ULE fiber pulled 
fi-om a mechanically and flame polished preform (M + F) and two flame polished preforms 
(Flame 1 and Flame 2). The power transmission for commercial silica fiber was also obtain 
and plotted in Figure 73. It is obvious fi^om the figure that the mechanically and tlame 
polished fibers have poor transmission while the fibers from the flame polished preforms 
have fairly good transmissions. 
Power transmission graphs were also obtained for the fourth draw ULE fibers. Figure 
74 shows the power transmissions of fourth draw ULE fiber pulled from a mechanically and 
flamed polished preform (M + F) and fi^om two flame polished preforms (Flame 1 and 
Flame 2). As a comparison, power transmission of commercial silica fiber was obtained. 
Again fiber fi-om the mechanically and flame polished preform exhibited the poorest 
transmission while the two flame polished fibers displayed fairly good transmissions as 
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Figure 72. Bend radius test of the third and fourth draw ULE fibers and silica 
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Figure 73. Power transmission of the third draw ULE fibers 
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Figure 74. Power transmission of the fourth draw ULE fibers 
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compared to silica. The optical fiber loss was also determined for the fourth draw fibers 
using the cut-back method. Figure 75 shows the dB/m losses for the fibers pulled firom the 
two flame polished preforms (Flame 1 and Flame 2) and fi-om the mechanically and flame 
polished preform (M + F). As expected, the fiber from the mechanically and flame polished 
preform had the greatest dB/m losses while the flame polished fibers had lower dB/m losses. 
The power transmission of the fifth draw ULE fibers were also obtained and compared 
with the power transmission of silica. Figure 76 shows the power trarsmission graph of the 
fifth draw ULE fibers pulled fi-om three flame polished preforms; howi:ver, preform 3 was 
not annealed prior to pulling. Fiber from the 3rd preform would not even transmit the 
helium neon guide beam, that is, it was black. The other two preform fibers transmitted 
fairly well as compared to silica. 
Figure 77 shows the percent transmission of the best third, fourth and fifth draw ULE 
fibers after they were normalized to silica. The percent transmission of these draw are very 
comparable and entail about 80 to 85 % of the transmission of silica. The optical fiber 
losses for the best third and fourth draw ULE fibers were computed and are displayed in 
Figure 78. The fourth draw ULE fiber showed the lowest dB/m losses of <0.4 dB/m. 
ULE vs Silica Lasing Results 
IR spectroscopy and SEM microscopy were performed in order to provide a qualitative 
comparison of the performance of the silica fibers as compared to the first draw ULE fibers. 
In all experiments, the first draw ULE fiber's performances were consistent or inferior to the 
silica fiber's performances. Figures 79 to 81 display micrographs of the first draw ULE 
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Figure 75. Optical losses of the fourth draw ULE fibers 
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Figure 78. Optical fiber losses for the best third and fourth draw ULE fibers 
133 
2 C S  
Figure 79. SEM micrograph of a silica fiber lased in chicken at 10 W 'br 1 minute 
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Figure 80. SEM micrograph of type I ULE fiber lased in chicken at 10 W for 1 minute 
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Figure 81. SEM micrograph of type 11 ULE fiber lased in chicken at 10 W for 1 minute 
fibers and silica fibers lased for 1 minute after bum-in in chicken. Ther.e micrographs show 
damage to both types of fibers. Below a continuous lasing time of 2 minutes, there were no 
major performance differences between the three fibers, but the micrographs showed more 
cracking occurring on the ULE tips. As the lasing time increased, the ULE fibers sustained 
more damage and actual melting of the fiber tips occurred. The ULE fibers were essential 
non-functional at the longer lasing times. Figures 82 to 84 shows micrographs of the fibers 
lased in chicken for 5 minutes. The ULE fibers reduced and melted while the silica fiber 
displayed some cracking and spalling. The pulsing experiments resulted in catastrophic 
destruction of the silica and ULE fibers. Figures 85 to 87 show micrographs of the 
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Figure 82. SEM micrograph of a silica fiber lased in chicken at 10 W Tor 5 minutes 
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Figure 83. SEM micrograph of type I ULE fiber lased in chicken at 10 W for 5 minutes 
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Figure 84. SEM micrograph of type II ULE fiber lased in chicken at 10 W for 5 minutes 
Figure 85. SEM micrograph of a silica fiber pulsed in liver at 10 W for 5 minutes 
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Figure 86. SEM micrograph of type I ULE fiber pulsed in liver at 10 W for 5 minutes 
Figure 87. SEM micrograph of type II ULE fiber pulsed in liver at 10 W for 5 minutes 
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damaged sustained by the fibers. Silica fibers underwent substantial sf ailing and cracking 
while the ULE fibers completely reduced, hence melted. 
IR spectroscopy was also performed. Analysis of the IR spectra showed similar results 
between the silica and ULE fibers. The only notable difference between the ULE fibers and 
the silica fibers was the absorption peak at around the 925 wavenumber in the ULE spectra. 
This peak represents a TiOz vibrational mode. 
SEM microscopy was utilized to qualitatively study the lasing performance in the timed 
lasing studies. The lasing performance of the third draw ULE fibers were compared with 
the lasing performance of the silica fibers. Results demonstrated that the ULE fibers have 
delayed bum-ins or none at all. Therefore the fiber tip damage was si£ nificantly reduced. 
Figure 88 and 89 show a silica fiber and an ULE fiber that had been lased in liver at 15 W 
for 2 minutes respectively. Note that while the silica fiber bumed-in instantaneously, the 
ULE fiber experienced a 90 second delay in bum-in, hence acquired less damage to its tip. 
However in those instances where the silica and the ULE fibers experience bum-ins in a 
similar time firame, the ULE fibers and silica fibers sustain comparable fiber tip destmction. 
Figures 90 and 91 show silica and ULE fibers that were lased in liver for 30 seconds 
respectively. Bum-in was instantaneous for both fibers; therefore, fiber tip damage was 
similar. Figure 92 and 93 show silica and ULE fibers that were pulsed in chicken for 5 
minutes with a pulse rate of 2 seconds on/2 seconds off respectively. Both fibers had 
related bum-in times, and both fibers show catastrophic destmction. The silica fiber 
experienced cracking and spalling while the ULE fiber reduced at the tip, that is, it melted 
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Figure 88. SEM micrograph of a silica fiber lased in liver at 15 W for 2 minutes 
Figure 89. SEM micrograph of an ULE fiber lased in liver at 15 W for 2 minutes 
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Figure 90. SEM micrograph of a silica fiber lased in liver at 15 W for 30 seconds 
Figure 91. SEM micrograph of an ULE fiber lased in liver at 15 W for 30 seconds 
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Figure 92. SEM micrograph of a silica fiber pulsed in chicken at 15 W for 5 minutes 
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Figure 93. SEM micrograph of an ULE fiber pulsed in chicken at 15 W for 5 minutes 
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which then appeared to reheal the cracks and prevent spalling. Most of the pulsing 
experiments in chicken produced no bum-ins in the silica and ULE fibers. Figures 94 and 
95 again show a silica and a ULE fiber pulsed in chicken for 5 minutes respectively. Neither 
fiber bumed-in but the silica fiber's cladding had been damaged. Pulsi.ig the fibers in liver 
for 5 minutes with a pulse rate of 2 seconds on/2 seconds off produced extraordinary 
results. In each of the seven trials, the ULE fibers exhibited either a delayed bum-in or 
none at all. A nice zone of photocoagulated tissue was produced with minimal, if any, 
damage to the ULE fiber tip. On the other hand, the silica fibers exhibited instantaneous 
bum-ins in sk of the seven trials, hence catastrophic damage to the tips occurred with 
ablation of the target tissue. Figures 96 and 97 show a silica fiber and a ULE fiber that 
were pulsed in liver respectively. 
Contact Probe Results 
The power transmissions of the ULE, Zerodur, and yttria fiber tips have been computed 
and are shown in Figure 98. Power transmissions were taken on six contact probe tips of 
each material and then were averaged. Power transmissions were also taken without any 
contact probe tips and these transmissions were used as standards. No power transmissions 
were taken of the sapphire probes due to lack of an appropiate configuration probe, that is, 
there were no flat ended sapphire probes available. The average power transmissions of the 
tip materials were normalized to the average power transmissions of the standard and hence 
are plotted in Figure 98. 
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Figure 94. SEM micrograph of a silica fiber pulsed in chicken at 15 W for 5 minutes 
Figure 95. SEM micrograph of an ULE fiber pulsed in chicken at 15 W for 5 minutes 
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Figure 96. SEM micrograph of a silica fiber pulsed in liver at 15 W for 5 minutes 
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Figure 97. SEM micrograph of an ULE fiber pulsed in liver at 15 W for 5 minutes 
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Figure 98. Power transmissions of the contact probe tip material 
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Two tips of each contact probe tip material were lased in beef liver for 1 minute 
continously. The power was set at 10 W with a 1 ml/min perfusion rate. All the tip 
material were veiy difficult to burn-in, and they had to be bum-in in wood in order to 
photocoagulate the liver. Figures 99 to 102 show SEM micrographs of the rounded end tip 
sapphire, the flat tip ULE, the flat tip Zerodur, and the flat tip yttria. Again one can see a 
spalling type of damage to the ULE and the Zerodur tip materials. Th? sapphire tip material 
and the yttria tip material displayed the least amount of damage. 
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Figure 99. SEM micrograph of a sapphire probe tip lased in liver at 10 W 
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Figure 100. SEM micrograph of an ULE contact probe lased in liver at 10 W 
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Figure 101. SEM micrograph of aZerodur contact tip lased in liver at 10 W 
Figure 102. SEM micrograph of a yttria contact tip lased in liver at 10 W 
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DISCUSSION 
Contact of tissue with a bare optical fiber results in not only tissue desiccation, but also 
fiber damage. As long as the fiber tip does not contact tissues, transmission of light remains 
high (>90%), and the laser light will photocoagulate tissue. But if contact is made, the fiber 
tip gets damaged and the amount of light transmitted through the fiber is drastically reduced 
(down to 27% [173]). The process of damaging the tip has been termed as burn-in. 
Frequently when a fiber is bumed-in, a loud popping sound is emitted with a simultaneous 
flash of light indicating possible optical breakdown or oxidation of carbon. The result after 
bum-in is a hot fiber tip that incises tissue. 
Analysis of Bum-in Studies 
Sbc factors have been identified which influence how quickly a laser optical fiber will burn-
in. These six factors are: 
1) Fiber tip preparation, 
2) Laser power, 
3) Tissue type, 
4) Tissue penetration depth, 
5) Fiber tip velocity, 
6) Tissue moisture content. 
A discussion of how each factor influences bum-in follows. 
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Fiber tip preparation 
Results gathered from the bum-in studies indicated that the type of polishing performed 
on the fiber tip will influence the bum-in times. Figure 12 in the resuhs section shows the 
bum-in times for kit polished fiber tips versus diamond cleaved tips. The diamond cleaved 
fibers demonstrated significantly longer bum-in times than the kit polished fibers. But, the 
standard deviation for the diamond cleaved fibers is much larger than for the kit polished 
fibers indicating a less consistent cleave is achieved with the diamond cleaver while the kit 
polishing method is more consistent. The kit polished fibers have a shorter burn-in time 
than the diamond cleaved fibers for several reasons. First, the kit polished fiber tips require 
flushing with deionized water during preparation. Water attacks and breaks the Si-0 bond 
stmcture of the silica optical fiber by a hydroxyl reaction. This reaction occurs by the 
following mechanism: 
I I I I 
H-O-H + —Si —0 —Si— —Si —OH HO —Si-
I I I i 
which converts a thin layer on the surface of the glass fiber into a weak gel-like material. 
Kit polishing causes a faster OH" attack resulting in hydrated fiber tips and therefore 
mechanically weaker tips. Secondly, the preparation method of the kit polished fiber tips 
allows chemical contamination in the form of silicon carbide grains inadvenently adhering 
to the fiber tip. The silicon carbide grains absorb the laser light and effectively heat the tip. 
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Thirdly, the surfaces of the kit polished fibers suffer fi-om surface microscratches since these 
fibers were only polished down to a 6 |im grain size. Surface microscratches are potential 
"hot spots" where the laser light is reflected and scattered. Figures 103 and 104 show 
micrographs of pristine kit polished and diamond cleaved tips. The kit polished tip displays 
a much rougher surface than the diamond cleaved tip. Notice the surface scratches 
displayed on the kit polished silica fiber. The diamond cleaved tips suffer from none of the 
above problems. The surface of the fibers cleave almost without any surface defects leaving 
a smooth, pristine, and uniformly transparent surface. 
Laser power 
Results compiled from the bum-in studies indicate that the laser power has a distinct 
influence on the bum-in times. Figures 11 to 15 show the burn-in times versus power for a 
variety of lasing conditions. Most of the graphs showed large decreases in burn-in times 
when the power increased from 10 to 15 W. Tissue has a temperature threshold where 
photocoagulation will no longer occur and tissue ablation takes over. Tissue ablation 
occurs above 300°C [74], If one ignores the effects of conduction, local instantaneous 
temperature rise can be calculated by using the following formula; 
6T = E/(Cp m) 
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Figure 103. SEM micrograph of a kit polished silica fiber tip 
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Figure 104. Micrograph of a diamond cleaved silica fiber tip 
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where 6T is the local instantaneous temperature rise, E represents energy® absorbed, Cp is 
the specific heat of tissue, and m is the mass of the absorbing material. For example, a low 
power level or a smaller energy can not quickly reach the threshold temperature in the 
tissues thereby longer lasing times were needed in order to reach a critical energy and 
temperature to ablate tissue hence, extended bum-in times. At high laser power settings or 
higher energies, heating rates are faster resulting in much shorter (or instantaneous) burn-in 
times. In this case, large amounts of energy were dumped into the tissues resulting in faster 
attainment of the threshold temperature. The higher temperatures initiate faster chemical 
reactions between water and silica causing bonds to be broken. The water in the tissue 
quickly and vigorously boils and generates steam. The higher temperatures that are 
generated act as a catalyst to speed up the bum-in times. The high temperatures also 
change the physical properties of the fiber. SEM micrographs from the continuous lasing 
studies showed that melting is fi-equently observed at the higher power levels Figures 105 
and 106 show micrographs of silica fibers lased in chicken at powers of 20 W and 35 W 
Note the extensive melting of the fiber tips. 
Tissue type 
Results from the bum-in studies showed that the type of tissue beins' lased will affect the 
bum-in times. The avascular target tissue had longer burn-in times while the vascular target 
tissue had shorter bum-in times. Table 13 shows the bum-in times of t eef liver 
® Recall that power (W) is equal to energy divided by time i.e., J/seconds or J 
seconds. 
= W.x 
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Figure 105. SEM micrographs of a silica fiber lased in chicken at 20 "Vv^ 
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Figure 106. SEM micrograph of a silica fiber lased in chicken at 35 W 
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(a more vascular tissue) versus chicken. For example, the average bum-in time for liver at 
10 W was 3.3 seconds while the average bum-in time for chicken at 10 W was greater than 
300 seconds. Therefore, bum-in in liver required only about 30 J while to initiate a burn-in 
in chicken breast required over 3000 J. Several reasons exist which explain the differences 
in bum-in times. The vascular and avascular tissues have different absorption coefficients 
that cause the Nd: YAG light to be absorbed at different depths leading to different fluences 
and hence different bum-in times. Average fluences are defined as the total energy 
absorbed per unit volume divided by the local absorption coefficient. Using this convention, 
vascular tissue required smaller fluences than avascular tissue resulting in faster burn-in 
times. Also, the avascular tissues are less efficient laser absorbers, that is, their absorption 
band does not match the Nd:YAG's wavelength, thereby allowing the laser light lo 
penetrate to a greater depth. Vascular tissues with their higher blood vessel content; that is, 
higher iron content, are more efficient laser absorbers and therefore the depth of penetration 
is smaller. 
Tissue penetration depth 
The results from the bum-in studies indicated that the depth of penetration varies with 
power and tissue type which, in turn, effects the bum-in times. When the wavelength of the 
laser falls outside the absorption band of the target tissues, the depth o^ penetration into the 
tissues increases causing longer bum-in times. The greater tissue dept is have a larger 
thermal bath resulting in a slower temperature rise. On the other hand, a smaller depth of 
laser penetration has a smaller thermal bath resulting in a faster rise in temperature. 
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Explanations of these phenomena are simple and can be detailed using the heat rate 
equation and Beer's law. A simple scenario to show how depth of penetration varies with 
power; that is, temperature, would be heating, in the form of a laser, a specific volume of 
tissue and calculating its rate of heat transfer. Mathematically, the heat rate equation can 
formulated: 
dQ/dt = p Cp V dT/dt (9) 
where dQ/dt is the rate of heat transfer, p is the density of the tissue, Cp is the specific heat 
of the tissue at a constant pressure, V is the volume of the tissue, and dT/dt is the heating 
rate. To determine how the depth of penetration, r, changes with temperature, one can 
approximate the volume of a sphere (4/3 Tir^) and substitute this into Eq. (9) to solve lor 
dT/dt: 
dT/dt = (dQ/dt)/(4/3 71 Cp p rO (10) 
One can see that the depth of penetration, r, is inversely proportional to the change in 
temperature, dT/dt. Therefore, a small depth of penetration, that is, a small volume, will 
have a high rate of temperature change and a shorter bum-in time. 
Another equation. Beer's law, also shows how the depth of penetration of light varies 
with tissue type; that is, how it varies with absorption but only when absorption is the 
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dominant mechanism. Tissues allow different depths of laser penetration due to their 
absorption coefficients, thereby varying the bum-in times. To determine how the depth of 
penetration varies with tissue type, Beer's law can be formulated: 
where A is the absorption, e is the absorptivity, r is the depth of penetration, and c is 
the concentration of the absorptivity elements. 
As an example, consider the following assumptions: vascular tissuf has a larger 8 due to 
the iron (Fe^^) in blood than avascular tissue, Svascuiai» Savascuiar^ and the concentration of 
cells in the vascular tissue is approximately the same as in the avascular tissue, Cvascuiar = 
Cavascuiar. Beer's law for vascular and avascular tissue can be stated as shown in equations 
(12) and (13) and solving for r: 
A = src (11) 
'"vascular A/eyCy (12) 
""avascular A/SayCav (13) 
Smce Savascular ^vascular* and C vascular ^avascular ^t folloWS that 
f vascular ""avascular- (14) 
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therefore, the vascular tissues have a much smaller penetration depth. As stated previously, 
a smaller depth of penetration results in shorter bum-in times. Table 13 in the results 
section reported that beef liver, a vascular tissue, had much shorter bum-in times than 
chicken breast, an avascular tissue. 
Fiber tip velocity 
From observing many bum-ins, it is hypothesized that the faster the tip is dragged across 
the tissues, the longer the bum-in times. This would be due to the decreasing time available 
to heat the tissues as the tip scans it. Therefore the amount of energy needed to initiate a 
bum-in would be greater due to the larger mass of tissue absorbing the energy Also, the 
tissue is not heating up enough to cause tissue adhesion on the fiber tip, facilitating longer 
bum-in times. 
Tissue moisture content 
It has been observed that a high moisture content in the target tissue results in longer 
bum-in times. The higher the moisture content, the larger the thermal bath. Therefore, the 
tissue temperature rise would take longer resulting in longer burn-in times. If the tissue 
moisture content is low, there is a smaller thermal bath, greater tissue temperature rise, and 
faster bum-in time. Chicken lased in a water (or saline) filled beakers in the continuous 
lasing studies demonstrated longer bum in times due to the greater thermal bath. 
A question that needed to be answered was what causes a silica fiber to burn-in, that is, 
why does the fiber tip get hot. An experiment developed by an undergraduate student. 
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Larry Panchula, determined that the tip of a silica fiber does get hot and will reach 
temperatures greater than 650°C after a bum-in in wood. Figure 107 shows some results of 
this experiment. There is an exponential decrease in temperature the further down from the 
tip. Measurements were made using a gold sputtered Type K thermocouple. 
Figure 63 in the results section indicated statistically significant decreases in the power 
transmissions after bum-in in the target tissue. The decrease in power transmissions are a 
result of scattering and absorption of the laser light. Scattering occurs due to the blister-
like formations and pitting that sometimes form on the surface of silica fibers thai have been 
bumed-in. Although not completely proven, scattering may also occur due to a change in 
the index of refraction on the surface of a bumed-in fiber. Absorption is a result of a 
number of different factors that also have not been completely proven or disproven 
Chemical bonding or a reaction involving water and tissue elements are believed to play 
some role in absorption. Intrinsic damage such as bond stress/strain or a slight volume 
change can be involved that causes the silica tip to absorb and become hot. Tissue adhering 
to the sides of the fiber can also induce absorption. 
SEM micrographs of bumed-in fibers 
SEM micrographs of bumed-in fibers revealed a wealth of information while displaying 
little morphological damage. The initial hypothesis that thermal shock caused 
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Figure 107. Temperature measurements of a bumed-in silica fiber tip 
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bum-in was retracted since bumed-in fibers did not display any stress cracks or fractures 
indicative of thermal shock; however, thermal shock may play a role in the degradation of 
continuous lased fibers. SEM micrographs of bumed-in fibers appeared smooth like the 
pristine fibers, or they contmned blister-like formations or pitting that would scattering the 
laser light. The lack of large stress cracks or fi-actures on the surface of the burned-in fibers 
disproved the thermal shock theory and led to the investigation of other degradation 
mechanisms such as chemical bonding and intrinsic damage. 
EDS spectra of bumed-in fibers 
EDS was utilized to investigate the possibility of tissue residues adhering to the fiber tip 
after bum-in which would lead to absorption. EDS spectra of burned-in silica fibers did not 
display any measurable tissue elements covering the surface of the fiber tip. However an 
EDS spectmm taken of just the blister formation on the surface of a burned-in fiber revealed 
the presence of phosphoms, potassium, and other tissue elements. Figure 108 displays this 
EDS spectmm. Apparently spectra taken of a general area of the tip (600 x 200 |.uti) are 
too large to record any measurable tissue elements and the presence of silicon and oxygen 
override any signals given ofFby, for example, phosphoms. However, detection of the 
tissue elements such as phosphoms and potassium was observed at the higher burn-in 
power levels. For example. Figure 27 in the results section showed an EDS spectrum of a 
fiber bumed-in at 25 W. Apparently the higher power levels accelerated the reaction 
between the tissue and the fiber, hence more tissue residue adheres or bonds to the fiber. 
Figure 28 in the results section showed a dot mapping of a bumed-in silica fiber. 
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Figure 108. EDS spectrum of a blister formation on the surface of a bumed-in fiber 
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Here one can see phosphorus, potassium and sodium covering particular sections on the 
surface of the fiber tip. No differences were found between EDS spectra for the fibers 
bumed-in at 25 W with one fiber undergoing an ethanol wash and the other not. Both 
spectra, shown in Figures 27 and 64, revealed the presence of phosphorus, potassium and 
sodium. The only notable difference between the two spectra is that the carbon peak is 
much smaller in Figure 64, the washed fiber tip. The carbon which was just residue from 
the carbonization of the tissues was easily removed during the ethanol wash. EDS spectra 
of bumed-in fiber tips revealed that particular sections of a fiber are being attack by sodium, 
potassium and phosphorus resulting in weakening of the silica fiber's surface. 
IR spectra of bumed-in fibers 
Surface reflectance IR spectroscopy was an excellent method to use when probing the 
chemical nature of the silica glass fibers. It was hypothesized that the IR spectra would 
reveal hydroxyl peaks, non-bridging oxygens peaks, and some type of new chemical 
bonding between the bumed-in silica fiber tip and the tissue components. IR spectra of the 
bumed-in fiber tips were shown in Figures 24 and 35 in the results section. The region of 
detection in Figure 24 was taken just at the tip of the fiber while the scan region in Figure 
35 was located slightly down from the tip, on the blackish irregular demarcation line found 
on some bumed-in fiber tips. The IR spectra in Figure 24 showed distorted shoulders on 
the 1100 cm"' absorption peak and a possible new absorption peak at around the 920 cm"' . 
Figure 35 displayed a quite different spectmm even though it is still a burned-in tip albeit a 
different location. Absorption peaks were also found at 3600 cm"' and around 2000 cm"'. 
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The signal-to-noise ratio was poor in this spectrum due to the blackish demarcation line 
absorbing some of the signal. 
The absorption peak around the 920 cm"' could be indicating the formation of surface 
non-bridging oxygens. Surface non-bridging oxygens form bands in the 900 to 925 cm ' 
[177]. Kusabirake et al. [178] suggested that Si-0" band forms at around the 941 cm"' due 
to the presence of Na* ion while Roy et al. [179] stated that closed rings of Si04 tetrahedra 
exhibit bands in the region of 950 to 800 cm"' and are due to surface non-bridging oxygens 
but only when alkali or alkaline earth content is large. Recall in Figure 108, an EDS 
spectrum had confirmed the presence of phosphorus, potassium, and sodium on the blister­
like formation on bumed-in fibers. So it is likely that the presence of these components are 
attacking the surface of the silica fiber and creating surface non-bridging oxygens. 
Also, the absorption bands may be a resuh of a hydroxyl effect which forms silicon-
hydroxyl at the 920 cm"' [180, 181] even though no OH bands are observed at about the 
3600 cm"' in Figure 24 while Figure 35 does show an OH absorption peak at the 3600 cm"'. 
It is possible that the high temperatures reached by the tip of the fiber causes a decrease in 
the intensity of the absorption peak at 3600 cm"'. Hosono et al [182] saw a decrease in the 
OH absorption band at 3300 cm"' with increasing temperature in the soda germanate glass 
composition. Also Almeida et al. [183] stated that the 0-H stretching bond is not always 
visible in reflection in the region around 3600 cm"' so the 0-H bond might be preseiu but 
just not detected. 
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Since the IR spectrum in Figure 35 was obtained slightly down from the fiber tip where 
the tip temperature is not high enough to oxidize carbon, the possibility of CH3 bonding was 
investigated. The SiCHs stretch absorption band is at 1280 to 1255 cm"' while the CH? 
rocking band lies at 870 to 750 cm'\ It is possible that the distorted shoulder in the IR 
spectrum of Figure 35 is an Si-CHs peak since there does appear to be a new peak around 
the 1250 to 1375 cm"' that would indicate some type of CH3 bonding. However, CH-, 
bonding is unlikely to occur at the high temperatures since Woo et al. [180] stated that high 
temperatures remove organic groups. 
The distorted shoulder on the 1100 cm"' Si-0 absorption peak may be due to a distortion 
in the bond structure, that is, stressing of the bond structure of the silica fiber. This 
distortion could be caused by high temperatures or by alkali oxide content, both of which 
could lead to densification of the surface of the fiber. During bum-in, carbon forms on the 
fiber tip and oxidizes. Oxidation of the carbon creates high temperatures on the outside 
surface of the tip. Thomsen [115] stated that vaporization of carbon occurs at temperatures 
over 3000°C. This can cause the outside tip temperature to reach its annealing temperature 
(around 1100°C). It is possible that a slight volume change occurs between the inside and 
outside of the fiber during oxidation of the carbon which creates stresses of the silica 
bonding network. For example, stresses that develop on the surface of the fibers during 
oxidation of carbon can be roughly calculated using the equation belov 
a = (Ea/(l-|i))AT ( 15 )  
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where E is Young's modulus (1 xlO' psi), a is the coefficient of thermal expansion (0.5 x 
10"^/°^, jj, is Poisson's ratio (0.17) and AT (1000°C) is the change in temperature at the 
surface of the fiber during oxidation. In this example for fused silica, the surfaces stresses 
that developed are over 6000 psi, well below the fracture stress of 10000 psi, but high 
enough to create distortions in the chemical network. These stresses and strains can lead to 
distortions on the shoulder of the 1100 cm'^ absorption peak. 
Also, Woo et al. [180] has stated that high temperature annealing causes the Si-0 
stretching peak to shift slightly to higher wavenumbers suggesting that the fiber surface is 
undergoing densification which then causes a stoichiometric rearrangement of the Si-0 
network. The Si-0 stretch mode peaks in Figure 24 show a very slight increase in 
wavenumber that may be indicative of densification. 
Also the presence of the alkali ions at high temperatures would induce diffusion into the 
Si02 network structure, leading to densification. With the increased alkali oxide content, 
the Si-0 bond lengths stretch which in turn generates stresses within the chemical network 
of the optical fiber [184]. High temperatures may act as a catalyst to speed up the diffusion 
process, that is, the positive charged cations are attracted to the negatively charged silica 
fiber surface. 
The fiber tip rapidly supersedes its annealing temperature and then rapidly returns to a 
temperature great enough to ablate tissue (>300°C). In the process, the tip may densily or 
undergo a slight volume change. Either way, the bond structure becomes distorted or 
stressed. Bond stress would cause the index of refi'action to change waich would reflect the 
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laser light causing local points of high power densities inside the fiber tip. Note the 
equation: 
An = Ra (16) 
where An is the change in index of refraction, R is the stress optical coefficient, and o is the 
stress applied [185]. Equation (16) shows that as stress increases, the index of refraction 
changes. This results in an inhomogeneous fiber tip which would cause internal reflections 
and possible heating at the tip. (For fused silica, R = 0.24 m|i/cm/psi.) 
The scattering experiment which used a matching index of refraction oil was not 
sensitive enough to exclusively confirm that a change in the index of refraction in a burned-
in tip occurred since there was some slight divergence of light out of the tip. But tiieie was 
a slight haze surrounding the tip of a bumed-in fiber that was not noted for the pristine fiber 
tip which could indicate that some type of scattering is occurring. Also attempts were made 
to compared the index of refiraction of a bumed-in tip to a pristine tip using an inde.x of 
refi-action profiler developed by York technologies. However these attempts proved to be 
unsuccessful since York could not obtain readings from these size fiber tips. 
It was stated that fiber tip absorption could be caused by tissue adhering to the surface 
of the fiber tip. A drawing of a visual examination of a burned-in fiber tip is shown in 
Figure 109. Depending upon the power level, the first approximate 1 mm of the fiber tip 
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Figure 109. A schematic of a bumed-in fiber tip 
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is pristine-looking; clean of any debris. Next is a irregular blackish demarcation line 
surrounding the tip which indicates that temperatures are not high enough to oxidize 
carbon, etc. The next region is spattered with carbonaceous material which absorbs the 
laser light, hence heat up. Finally the last demarcation line is of the cladding that has been 
burned back. Temperatures in this region can not exceed the melting temperature of the 
cladding which is around 125°C. Therefore, the fiber itself can be used as a temperature 
indicator. 
It was desirable to determine what absorption method was dominant, either bond 
stressing/straining or tissue adhering to the sides of the fiber. Results fi-om Table 14 
indicate that a fiber coated with colloidal graphite can be burned-in without tissue present 
by lasing it in air. However, the presence of the carbonaceous material on the fiber tip will 
act as a catalyst to shorten the bum-in time. It was also roughly determined how far back 
the bonds were stressed on the fiber. From the IR spectra, it appears that the bonds of the 
fiber tip are stressed in the region above the first demarcation line on the fiber tip, where 
temperatures are high enough to oxidize carbon. 
Analysis of Continual Lasing Studies 
SEM micrographs of continual lased fibers 
During bum-in, the cladding is bumed off so any further lasing in the target tissue results 
in contacting bare silica fiber to a very corrosive environment, the tissues. SEM 
micrographs showed a very aggressive reaction between the tip and the tissue. Continual 
lasing resulted in morphological damage to the fibers. SEM micrographs in Figures 41 to 
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48 and 56 to 61 in the results section showed spalling, cracking and genera! degradation of 
the fiber tip during lasing. A steady increase in tip temperature occurred since the fiber 
sustained more damage the longer it was lased. Tip temperature spikes also occurred due 
to the carbon from the desiccated tissue which is continually forming and then oxidizing. 
Higher power levels will shift the temperature up after the initial bum-in since it is not 
uncommon to see silica fibers melting when lased at 20 W and above. Apparently 
temperatures above 1700°C are being produced in order to cause the silica tips to melt 
(The melting temperature of fiased silica is around 1700°C while the softening temperature 
is around 1100°C). 
Evanescent waves in optical fibers 
Destruction of the fiber tip also occurred along the sides. The cracking and spalling 
observed along the sides of the fiber may be partially due to the fact that evanescence waves 
are propagating out the sides of the uncladded fiber tip. Evanescent waves are an 
electromagnetic disturbance found in the lower index of the cladding and one of the few 
cases of a longitudinal wave propagation in electromagnetics [165]. Although according to 
Snells Law, total internal reflection is total, electric and magnetic fields do penetrate into 
the cladding. Evanescent waves do not carry power away fi^om the optical fiber since the 
field strength of the electric and magnetic fields decay exponentially w;th distance from the 
core/cladding interface. The electric field falls to zero within a few wavelengths of the 
boundary [165], But if the wave encounters any variations or nonuniformity at the 
interface, evanescent waves would propagate [161]. Therefore, in an uncladded fiber, like a 
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buraed-in fiber, evanescent waves are significant since the surface conditions at the 
core/tissue boundary are nonuniform and waves propagate out and are attracted to the 
tissue debris adhering to the sides of the fiber. Several degradation mechanisms then occur 
that include water and alkali/alkaline earth ion attack and the generation of high powers and 
high temperatures on the sides of the fiber. 
Water and alkali/alkali earth ion attack 
Most theories on crack growth involves the fact that delayed failure is due to the slow 
growth of pre-existing cracks by stress-enhanced environmental attack of the strained bonds 
at the crack tip [109]. But a pristine and even a bumed-in fiber does not contain sharp 
cracks, yet eventually degrade by cracking and spalling. Therefore, crack initiation acts as 
the rate controlling step in fiber tip degradation. Kurkjian et al. [186] suggested that the 
formation and grovi^h of surface phs on optical fibers arise from corrosion attacks which 
lead to local stresses and eventual crack formation. A study by Matthewson et a! [ 1U9J 
showed that bare silica fiber subjected to alkali hydroxides, KOH and NaOH, baths 
demonstrated significantly decrease in strength while also supporting Kurkjian pit model for 
crack initiation in pristine optical fibers. Inniss et al. [187] noted that the silica fiber's 
strength also decreases with increasing NaCl concentrations. It is possible for cracks to be 
initiated in the same way for the bumed-in and lased fibers. After burn-in, a bare optical 
fiber is subjected to a corrosive environment, the tissues. Pitting and blistering occur which 
eventually lead to spalling and cracking of the fiber's surface. Figure 92 in the results 
section showed the formation of blisters and also cracks radiating off t lese blisters after 
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lasing in liver at 15 W for 30 seconds. Since the fiber's strength decreases with increasing 
temperatures and humidities, high power levels will accelerate the cracking mechanism 
[188, 189]. Dabbs and Lawn [190] suggested that residual stresses developed around 
foreign particles would also lead to cracks. Cracks initiate stress which allows water to 
attack the surface of the optical fiber. Tomozawa et al. [191] had stated that water must 
enter into glass during deformation, being assisted by the stress. Water molecules directly 
attack the strained -Si-O-Si- bonds to produce two silanol groups, -Si-OH and HO-Si 
[192], Tomozawa et al. [193] also showed that the dissolution rate of silica is stress 
dependent, the higher the stress, the faster the dissolution rate. During burn-in, the bonds 
are stressed and tissue elements attach to the surface of the fiber to create cracks thai then 
provide an optimal environment for water to attack the surface of the optical fiber. 
High powers and high temperatures 
On the other hand, high power densities and temperatures could cause cracks on the 
surface of the fiber also. When foreign debris, such as tissue, attach to the bare silica 
surface, light propagates out at this point and is scattered. Assuming a tissue surface area 
of 1.96 X 10'® m^ on the fiber and a power of 10 W, the irradiance developed at this point is 
5.1 X lO' W/m^ Silica fibers can only transmit irradiance up to 3.5 x 10® W/m^ so the 
calculated irradiance comes close to the physical limits of the silica fiber which can lead to 
optical breakdown [194]. Silica is not 100% transparent to the Nd: Y/.G wavelength, so 
some absorption does occur. When high intensities are created, the silica fiber will absorb. 
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heat up and crack. (Optical lenses are frequently damaged by high intensity laser beams 
impinging on their surfaces [195]). 
To corroborate these theories, EDS spectra of lased fiber tips showed high intensity 
peaks of the tissue elements such a phosphorus, potassium, and sodium. IR spectra showed 
the presence of water, non-bridging oxygens, and possible silica tissue bonding. 
EDS of continual lased fibers 
EDS spectra of continuous lased fibers as well as the pulsed fibers showed a steady 
increase in the intensities of the tissue element peaks such as phosphorus, potassium, 
sodium, and magnesium. At longer lasing times and higher power levels, the peak 
intensities of the phosphorus exceeded the peak intensity of the silicon. Again, when 
comparing the EDS spectra of the washed fiber tips to the unwashed fiber tips, the peak 
intensities were about the same as the phosphorus peak exceeding the silicon peak at the 
higher power levels and longer lasing times. The most notable difference between the 
washed and unwashed fiber EDS spectra was the carbon peak. The carbon peak iniensities 
were very large in the unwashed fiber EDS spectra while the EDS spectra of the washed 
fibers displayed very small carbon peak intensities. The carbon appears to just be a residue 
on the surface of the fiber that can be easily washed off while the phosphorus, potassium, 
sodium, etc. appear to be an actual adhesion that can not be washed off. Figures 51 to 53 in 
the results section showed the EDS spectra of the unwashed silica fiber tips while Fiyures 
65 to 67 showed the EDS spectra of the washed silica fiber tips. 
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It is interesting to compare the dot map of a silica fiber lased in liver at 15 W for 1 
minute shown in Figure 54 to its SEM micrograph shown in Figure 48 in the results section. 
There is about a 150 |im in diameter piece of tissue adhering to the suiface of the fiber that 
showed up as sodium, potassium and phosphorus in the dot map. Also by the tip, the tissue 
elements obscure any signal firom the silicon. A dot map of a silica fiber lased in liver at 15 
W for 2 minutes was shown in Figure 55 in the results section. The tip is covered with 
phosphorus which obscures the signals fi"om the silicon. It is hypothesized that the presence 
of the tissue elements would cause non-bridging oxygens to form which in turn weakens the 
mechanical strength of the silica fiber. 
IR spectroscopy of continual lased fibers 
Surface reflectance IR spectroscopy of the lased fiber tips are shown in Figures 49, 50, 
and 62. The spectra showed the grov^h of new peaks at the wavenumbers between 600 
and 625 cm"' and at 875 to 1050 cm"' as the lasing time and power were increased. Also, 
the Si-0 stretching peak has shifted to higher wavenumbers which is indicative of possible 
densification [180]. Almeida et al. [183] indicated that shifts to higher frequencies are due 
to a certain degree of strain in the Si-O-Si bridging bonds with larger bridging angles and 
longer Si-0 bonds. During lasing, it is possible to develop strains which shift this peak. 
Woo et al. [180] reported that often Si-0 group absorption approximately between 950 
to 1200 cm"' will appear as a doublet peak which is what is shown in Figures 49, 50, and 
62. Literature findings stated a "Fermi resonance effect" will occur for compositions that 
display two peaks of the same nature in an IR spectrum [196]. These peaks are the same 
part of the molecule and have the same symmetrical properties. 
Again the peaks in the 875 to 950 cm"' range are surface non-bridging oxygens caused 
by the presence of the alkali/alkaline earth ions and water in the tissue. Si-O" or Si-OH 
groups are probably hydrogen bonded to adsorbed water molecules [183]. As stated 
previously, although the 0-H stretching bond is not always visible in reflection in the region 
around 3600 cm'\ it is more than likely occurring. 
The peak that occasionally forms at around the 550 to 625 cm"' is an enigma. It is 
possible that this peak represents a bridging peroxy linkage, Si-O-O-Si The broken Si-O 
bonds and the non-bridging oxygen atoms can diffuse due to the high temperatures 
generated and the fact that the average activation energies for diffusion are less than the Si-
0 bond breaking energy [197], hence creating the Si-O-O-Si bend group. This peak was 
also noted in a study conducted by Almeida et al. [183] but its origin was not defined 
Another possibility is that the peak represents bonding between silica and the tissue 
elements, such as phosphorus, or perhaps, POH, KOH, or NaOH. However, an extensive 
literature search failed to confirm these possibilities. 
Recall in Figure 37 of the IR spectra of two silica fiber tips that were boiled for 10 
minutes and 2 hours, respectively. These spectra failed to display any OH absorption peaks 
at 3600 cm"' or absorption peaks at around 920 cm"'. One reason for the lack of these 
peaks was provided by Tomozawa et al. [191]. He stated that the water absorption is 
assisted by local stresses which facilitates its entry into glass. Assuming the pristine optical 
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fibers are almost stress fi"ee, water entry into the fibers would be very slow and difficult, 
hence no absorption peaks would be noted in the IR spectra. On the other hand, another 
reason for the lack of water absorption peak was stated previously. The 3600 cm"' peak is 
difficult to detect in the surface reflectance mode. Water may have attacked the pristine 
optical fibers during boiling and it was just not detected. 
It was also observed that the pulsed laser studies produced more degraded fiber tips than 
the continuous lased fibers. The results showed micrographs of pulsed and continuous 
lased fibers. It is hypothesized that although the pulsed fiber dissipates heat during laser 
bursts, this "cooling off' time allows water moisture to seep into the fiber tip cracks, 
crevices, and pits. The surface of the fiber has a strong aflfmity to water due to its large 
surface tension. When the power is on again, the moisture in these cracks rapidly heats up 
and violently vaporizes causing explosions underneath the tip surface. Hence, spalling and 
degradation of the tip ensue at a greater rate than continual lased fibers. 
EiFects of water boiling 
Several other mechanisms may occur which fiarther destroys the fiber and hinder 
photocoagulation effects. These mechanisms include boiling, tissue and carbon 
vaporization, and mechanical wear. 
Approximately 60% of the human body weight is composed of water. When the hot 
fiber tip comes in contact with tissue some type of boiling and/or vaporization is expected. 
Vapor-filled bubbles form and grow when a body of liquid is heated. Since this condition is 
caused by a temperature rise, it is known as boiling. (Conversely, if this condition is caused 
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by a pressure drop, it is known as cavitation.) Boiling of the tissue fluid occurs if a part of 
the available liquid is superheated, i.e. the temperature exceeds the saturation temperature 
at ambient pressure. The boiling process is basically a thermodynamic one. The heat 
exchange between the vapor and liquid is an important part of the process and involves a 
complicated series of heat conduction equations that will not be described. But these 
equations have determined that the temperature in the tissue in contact with laser light is a 
traveling wave having a velocity equal to the ratio between the laser intensity and the sum 
of the sensible heat plus the heat of vaporization [198]. 
Nucleate boiling may be the primary boiling observed before burn-in. In nucleate boiling 
the periodic generation of vapor bubbles is considered a relaxation phenomenon. A thin 
boundary layer around a vaporization nucleus is alternately heated by the heating surface 
and cooled by vaporization at the bubble boundary (wall). Using this assumption, the rapid 
initial vapor-bubble growth and the corresponding high heat transfer at the bubble surface 
can be calculated quantitatively. 
Most boiling curves for water include a transition from nucleate boiling to film boiling. 
In transition boiling a stable film has not yet been formed thereby allowing direct contact 
between liquid and the heating surface. The direct contact between the moist tissues and 
fiber tip may cause tissue desiccation and lead to explosions which further damages the lip. 
This transition boiling most likely occurs during and after bum-in. After burn-in, film 
boiling may play a role. Superheating of the wall is high and ranges from 100 to 1OOU K 
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During film boiling a thin vapor film separates the superheated wall and the saturated 
boiling liquid. 
After bum-in the fiber tips can be extremely hot (>1000°C) which can cause the bubble 
growth to become explosive. Rapidly forming vapor can cause physical explosion. Such an 
explosion requires a rate of energy release that can result only if the vapor release occurs in 
a matter of microseconds. When the bumed-in fiber tip contacts moist tissue, the 
temperature difference between the hot fiber tip and tissue could be such that film boiling 
results (see Figure 110 pt. A) and large vapor bubbles are released. Continued transfer of 
heat fi-om the tip to the tissue results in decreasing the temperature difference toward point 
B in Figure 110. This causes the stable film boiling to breakdown and unstable violent 
boiling results. Direct contact heat transfer to the surrounding moist tissue may result in 
rapid superheating of a thin layer to its superheat limit. Subsequently explosive vaporization 
and/or desiccation of the tissue occurs. The resulting shock wave caused by the violent 
explosions would cause fiarther damage to the tip. In addition, the explosions can generate 
high impact pieces of tissue to impinge upon the tip. From these thermally induced eftects, 
i.e. dissociation and ionization of the vaporized material and production of shock waves, the 
fiber tip degrades. The many explosions due to vaporization and resulting shock waves are 
bombarding against the fiber tip slowly chipping, cracking and pitting its surface. Chips are 
then sluffed off due to the mechanical wear as the fiber passes along the tissue. As a result, 
the fiber tip is worn down, and its photocoagulation effects are prohibited. 
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Summary of Fiber Tip Degradation 
From the results gathered using the IR spectrometiy, SEM, and EDS analysis, a 
summary of fiber tip destruction in contact with tissue can be h3T30thesized. Figure 111 
displays this information graphically. A pristine fiber emits a 1.064 ^m wavelength laser 
light when connected to the Nd:YAG laser. Cells absorb this energy and become sticky and 
adhere to each other at a temperature around 40° to 50°C. When the fiber comes into 
contact with tissue, the cells will then adhere to the fiber tip (Fig. 111, b). At temperatures 
fi-om 60°C to 100°C, photocoagulation of cells occur [116]. SEM micrographs. Figures 29 
and 30 in the results, showed chicken tissue adhering to the fiber before the occurrence of 
bum-in. Tissue build-up on the fiber tip will act as an insulator and absorb the laser energy 
The temperature at the tip/tissue interface will increase until tissue desiccation occurs at 
temperatures above 300°C. Tissue desiccation leaves a layer of carbonaceous material on 
the fiber tip (Fig. Ill, c). Carbon, being close to a perfect absorber, will quickly absorb the 
laser light and oxidize, creating a large temperature spike greater than 900°C. The 
oxidation of carbon may be the flash of light that is frequently observed during burn-in (Fig. 
111, d). Visual examination of a bumed-in fiber displays an irregular r ng indicative of the 
cladding that has been burnt oflF. The amount of cladding that has burned off depends upon 
the power level, higher power levels bum more cladding. Once the cladding has been 
bumed off the fiber tip, the optical fiber will cease to fiinction as an optical fiber. The fiber 
is now bumed-in and has undergone permanent and irreversible damage. The high 
temperatures generated during bum-in distort the chemical network of 
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photocoagulation \ incision 
Before Bum-In After Burn-In 
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Figure 111. Time temperature graph of bum^in and degradation of silica fibers; a) Pristine fiber; b) Tissue adheres to fiber; 
c) Carbonaceous layer forms; d) Fiber just after bum-in; e) Chemical and thermal attack; f) Other degradation 
mechanisms damage the fiber tip 
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the fiber by increasing the Si-0 bond length and the Si-O-Si bond angle which leads to 
densification and fluctuations in the index of refi^actions at the tip of the fiber. Explosive 
boiling and tissue components, such as phosphorus, potassium, and sodium, attack the 
surface of the fiber creating cracks and hence local areas of stress which then initiates 
hydroxyl attacks. Evanescent waves propagate out the sides of the fiber creating high 
power intensities which lead to optical breakdown and high temperatures which accelerates 
the chemical reactions between the fiber tip and tissue components (Fig 111, e and t). 
Prevention of Fiber Degradation 
Saline bath 
Bum-in resuhs when tissue adheres to the fiber tip, forms a carbonaceous layer, and then 
oxidizes. If bum-in is prevented, then the fiber tip does not degrade. A method to delay or 
prevent bum-in is to continually bathe the fiber tip in saline as demonstrated in the perfusion 
tests. Table 15 in the results section demonstrated prolonged bum-in times when the fiber 
tip is flushed with saline. The saline act as a heat sink to conduct heat away from the tip 
while the continual flushing action prevents tissue fi-om sticking to the fiber, thereby 
effectively delaying the bum-in and hence, destruction of the fiber tip. van Hillegersberg et 
al. [74] stated that jet cooling the tip and tissues resuhed in maximal tissue temperatures 
being shifted fi^om the surface of the tissues to a region within the tissue. Therefore the tip 
was not exposed to the maximal temperatures. 
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Pulsing the laser 
Another method to delay or prevent bum-in is to pulse the laser. Figure 112 shows a 
graph whereby pulsing the laser allows the temperatures to stay below a threshold 
temperature thereby preventing tissue desiccation and hence bum-in. However tissue will 
still continually build up on the tips with each on time of the laser and gradually cause a 
bum-in. The optimal pulse rate at a particular power level needs to be found in order to 
delay bum-in. 
Glass cladding 
Bum-in and particular fiber degradation along the sides of the fiber could also be delayed 
or prevented by reducing the propagation of evanescent waves out the sides of the fiber and 
by preventing tissue contact on the sides of the core. This can be achieved by coating the 
core glass with a glass cladding instead of a polymeric cladding. Durirg oxidation of the 
carbon, the glass cladding would not be bumed off, therefore preventing chemical attacks 
and high temperatures and power densities to form on the sides of the Iber. 
Sol-gel coating 
In parallel with attempts to develop a laser optical fiber with better thermal and chemical 
properties than the commercial silica fibers, optical coating materials are currently beiny 
investigated by the glass and optical materials research group at Iowa State University 
Glass compositions which are more thermally and chemically resistant to tissue attack are 
being considered and are coated on the silica fibers using the sol-gel 
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Figure 112. Delayed bum-in by pulsing the laser 
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process. The sol-gel process oflfers many advantages. It allows the preparation of a wide 
range of high temperature glasses v^thout the high temperature equipment. The sol-gel 
route is basically a simple procedure, produces homogeneous glass, has high glass purity, 
and it is relatively inexpensive. Preliminary results have indicated that cracks in the coatings 
are forming during the drying step. This work is currently in progress. 
Diamond coating 
In addition to the ULE fibers and the sol-gel process, diamond coated silica fibers are 
also being investigated. Diamond coating of silica fiber tips may be an alternative in 
preventing fiber tip degradation. A thin coating of diamond on the tip should help alleviate 
some of the major factors leading to fiber degradation, such as the high power densities that 
develop in the fiber tip, and the chemical attack of the tip caused by the tissue components 
and explosive boiling. Diamond as a material possesses some advantageous properties. 
The crystal structure of diamond is face centered cubic with half of the tetrahedral sites 
occupied by carbon atoms. The covalently bonded carbon atoms all share a uniform 
distance of 1.545 A between them, thereby providing of very stable structure. Its structure 
endows diamond with high hardness and resistance to wear. Diamond's MOHS hardness 
number is 10, making it one of the hardest materials on earth. Its hardness should allow 
diamond to withstand corrosive conditions that develop during laser surgery. Another 
advantageous property of diamond is its high thermal conductivity (20 W/m K). Any heat 
that develops on the fiber tip should quickly dissipate into the surrounding tissues, thereby 
preventing heat build-up in the fiber tip. 
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In order for diamond to be considered as a coating, it must be transparent in the near 
infra-red region. A single crystal of diamond (impurity-free) is transparent in the 
wavelength from 220 nm to 2500 nm (uhraviolet to near infra-red region) and also 6000 nm 
and beyond. Obviously, its transparency falls within the Nd:YAG wavelength requirements 
(1064 run) as well as the He-Ne guide beam (632.4 nm). 
Another factor to consider is the index of refraction. In order for light to propagate out 
of the end of the fiber, the index of refraction of the coating material must be higher than 
that of the core material. Diamond has a higher index of refraction, (n = 2.38), than silica, 
(n = 1.46). Therefore, when light exits the silica tip and hits the coating it will ditTuse 
providing a wide beam diameter. 
Work on the diamond coatings are currently in progress. The actual coating process is a 
form of chemical vapor deposition (CVD), and it is being by a company in California. 
Contact Probes 
The power transmissions of the contact probes showed the glass ULE probe having the 
highest transmission with the glass ceramic Zerodur having a power transmission slightly 
below ULE while the polyciystalline material had the worse power transmission. Tlie 
polycrystalline material would cause more scattering than a glass ceramic or a glass 
material. 
SEM micrographs of the lased contact probes were shown in Figures 99 to 102 in the 
results section. The probes were very difficult to bum-in. They had tc contact wood for 
prolong periods of time in order to damage the tips sufficiently to incise tissue. This is due 
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to the fact that at powers of 10 W and a perfusion rate of 1 mL/min., the temperatures and 
power densities generated are not high enough to oxidize carbon on the contact probes. 
The micrographs showed that once bum-in occurred, the spalling and degradation is similar 
to the commercial silica fibers. The yttria tip displayed the least amount of damage which 
can be attribute to the fact that the yttria tip had the lowest power transmission, therefore 
lower temperatures were obtained at the tip. 
ULE Fibers 
In 1936, titania-doped silica glasses were invented by Nordberg [163]. In their initial 
development stage, Ti02-doped silica were intended to be used as cort glass optical fibers 
But Nordberg dropped this idea when very small amounts of Ti'^^ ions that strongly absorb 
the light in the visible and near-infi-ared region, formed during the glass fabrication process. 
Although Nordberg stated that the Ti""^ was annealed at 800 to 1000°C for a few hours to 
form Ti'^'*, the mechanical strength of the fiber deteriorated by crystallization of the silica 
[163] rendering this glass composition useless for optical fibers. However, current l esearch 
on ULE fibers at Iowa State University, in which this author is a part of, eliminated this 
condition and the mechanical strength of the ULE fibers was improved by optimizing the 
fibers drawing conditions and by applying a high strength cladding on the ULE fiber. 
During the third, fourth and fifth draws, the drawing conditions were optimized, hence 
reducing the amount of Ti"^^ in the fibers. Figure 73 in the results section showed the fourth 
draw ULE fiber's mechanical strength which was comparable to silica. 
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Not only was the mechanical strength of the ULE fibers comparable to commercial 
silica, but the ULE fibers appeared to demonstrate greater stability than silica. Table 13 in 
the resuhs section showed that on the average, the ULE fibers demonstrated longer burn-in 
times than the silica fibers indicating that the ULE fibers are more resistant to the initiation 
of the bum-in mechanism. Apparently the ULE fibers are more resistant because the ULE's 
coefficient of thermal expansion is lower than silica's, thereby prolonging the occurrence of 
bond stressing. Another theory for the longer bum-in times is that tissue is not as attracted 
to the surface of the ULE fibers. Therefore oxidation of the carbonaceous material and 
hence production of high temperatures are delayed. 
The lasing performance of the ULE fibers needed to be characterized before being 
considered for use as a commercial product. The lasing performance of the first fiber pull, 
third fiber pull, and fourth fiber pull were characterized. Even though the ULE fibers 
demonstrated, on the average, longer bum-in times, after a bum-in in all three pulls of the 
ULE fiber, the temperatures at the tip appears to be hotter. While the silica fiber tip glows 
a reddish color when lasing, the ULE tip will initially glow red but eventually glows a 
whitish color. It is when the tip glows a whitish color that tissue desiccation becomes 
quicker and easier. Apparently, the reduction of the Ti""* state to the Ti"' state occurs when 
the tip glows this whitish color and higher tip temperatures develop. 
The reduction of titanium from its Ti*" state to its Ti^^ state occurs vvhen the ULE fiber 
is exposed to high temperatures [163], At high temperatures the partial pressure of o.xygen 
exceeds the partial pressure of titanium and therefore the Ti^" state reduces to the Ti ' state 
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and the Ti"^^ state will appear bluish when exposed to light. Figure 113 shows a schematic 
of the reduction while the charge balance equation is shown below: 
Oo^ 1/202 (g) + 2Ti'Ti + Vo°° (17) 
Differential Thermal Analysis (DTA) of a crushed sample of ULE glass showed that a 
reduction of this glass from its Ti""* state to its Ti"^^ state occurs at a temperature of 
approximately 1500°C. But it is yet unclear of the amount of Ti""* being reduced and the 
amount of reduced titanium already present in the fibers and preforms. 
For the first draw ULE fibers, reduction of the titania occurred frequently and at low 
powers. At the lower powers, 10 W and below, the reduction problem was not critical and 
these fibers could be lased in air below 20 W. Catastrophic failure occurred when the ULE 
fibers were lased in air at 20 W and above due to spontaneous reduction of the Ti "* state to 
the Ti"^^ state. The ULE fiber tips completely reduced causing extremely high temperatures. 
A sparkling effect was initiated which vaporized the cladding and jacket while "eating" back 
the ULE fiber leaving bluish lumps of glass behind. Figures 33 and 34 in the resuhs section 
showed ULE fibers that were sparkled. The reduction problem was mignified when 
contacting the target tissue. Figure 22 in the results section showed a reduced tip after only 
a bum-in in chicken at 10 W. In the ULE versus silica lasing study, frequently the ULE 
fibers reduced and melted while the silica fibers demonstrated cracking and spalling. The 
first draw ULE fibers had longer bum-in times than silica, but 
Ti+4 Q-2 ^J+4 
0-2 .j.j+4 0*2 
Ti+4 0-2 Tr-* 
O'^  
Ti+4  ^
O'^  
Figure 113. Schematic of the reduction of ULE glass 
Ti+4 0*2 Ti^ " O"^  
HEAT => O-^ Ti^^ Ti^^ 
Ti^ " 0*2 Ti^ 3 0-2 
191 
demonstrated unpredictable lasing performance and had a maximum operation power of 5 
W, the only power level where reduction and sparkling did not occur. From these results it 
was obvious that the drawn fibers still contained a significant amount of Ti*^ which caused 
reduction and sparkling to occur at the lower power levels. 
Performance testing of the third draw ULE fibers produced better results. These fibers 
could be lased in air up to 50 W without any reduction or sparkling occurring and the 
power transmission was around 82% of that of silica's. New pull conditions apparently 
eliminated much of the reduced titanium in the fibers. But is was also desirable to 
determine whether sparkling would occur with prolonged lasing in target tissue. Sparkling 
did occur at power levels of 20 W and above after prolong lasing in chicken, that is, greater 
than 60 seconds of continuous lasing. At 15 W, the ULE fibers did noi sparkle after over 
200 seconds of continuous lasing, but the tip did glow a whitish color and when this tip was 
lifted away from the target tissue, sparkling instantly occurred. Apparently the tissue may 
act as a heat sink to dissipate some of the heat generated in the reduced tip, hence 
preventing the sparkling effect. At 10 W and below, the ULE fibers did not reduce or 
sparkle and exhibited prolong bum-in times when pulsed. In some cases, pulsing the laser 
output prevented bum-in of the ULE fibers. A pulse rate of 2 seconds on/2 seconds off at 
15 W was sufficient to photocoagulate tissue while preventing bum-in Figure 97 and 98 in 
the results section showed silica and ULE fiber pulsed in liver. The silica fiber underwent 
bum-in and catastrophic damage while the ULE fiber did not bum-in, hence was not 
damaged. The pulsing mode takes advantage of the longer burn-in times displayed by the 
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ULE fibers. In Figure 113 if one assumes a tissue threshold temperature of 300°C, the 
silica fiber will reach this temperature at a faster rate than ULE fiber, hence the silica fiber 
will bum-in quicker. 
The fourth draw ULE fibers exhibited very similar results as the third draw ULE fibers. 
No sparkling was observed when lased in air up to 50 W while sparkling occurred when 
continuously lasing tissue at 20 W and above. The ULE fibers function extremely well a the 
lower powers (<10W) and while pulsing. Again pulsing the laser output appeared lo delay 
bum-in for the ULE fibers while continuos lasing of the ULE fibers increased the tip 
temperature, high enough to cause reduction. The higher the power, the hotter the tip, and 
therefore the fiber will reduce to a greater extent. A fiber that was reduced and melted at 
35 W appeared whitish-blue, but a fiber that reduced at 45 W appeared bluish-black 
indicating more reduction. 
One of the fifth draw ULE preforms was not annealed in order to determine whether the 
annealing step could be eliminated since the drawing conditions were optimized to reduce 
the amount of Ti"^^ in the fibers. Although the fibers pulled from this p'-eform were very 
strong, the optical quality was poor, that is, the fibers were black wher examined down 
their lengths. They would not transmit the He-Ne guidebeam nor the Nd: YAG laser light 
Annealing can not be eliminated in the preform preparation step since annealing allows the 
Ti^' ions that formed during flame polishing to be oxidized to its former Ti""* state. 
In summary, the ULE fibers demonstrated greater stability while lasing tissue in the 
pulsed mode, that is, they photocoagulate tissue for longer periods of time by prolonging 
the initiation of bum-in. However, once bum-in occurs, their stability is unpredictable; 
reduction and sparkling have occurred while lasing in tissue at powers as low as 15 W. It is 
recommended that the ULE fibers be used at power levels of 10 W and below or in a pulsed 
mode in which bum-in is prevented. Although not thoroughly tested, the ULE fibers can 
also be lased in tissue after bum-in if lasing occurs under a saline bath. 
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CONCLUSION 
The interaction between silica-based fiber optic delivery systems when transmitting the 
1.06 nm laser light from the Nd: YAG laser has been qualitatively and quantitatively 
investigated. As long as the fiber tip does not contact tissue, it remains in near pristine 
condition and transmits the laser light to cause a photocoagulative tissue effect. However, 
once the tip contacts tissue, degradation of the tip occurs and transmission of the laser 
energy is decreased. The laser energy absorbed at the contact tip, heats the tip. In this 
condition the tip can only be used for incision or ablation. The process of damaging the tip 
has been termed as bum-in. The longer the fiber tip is in contact with tissue, the more 
damage it accumulates. 
Bum-in and degradation of the contact tip are a result of a chemical and thermal attack 
The initiation of bum-in requires high temperatures. The high temperatures are achieved by 
the vaporization of the carbonaceous material adhering to the fiber tip. The high 
temperatures that are obtained then act as a catalyst for the chemical attack. The intlu.\ of 
sodium, potassium, and phosphorus ions attacks the fiber's surface, weakening as well as 
stressing its atomic network. Water then enters into the network, also creating surface non-
bridging oxygens and creating surface cracks which lead to spalling an 1 degradation. The 
high temperatures achieved during bum-in can stress the chemical network of the fibei' 
surface by itself which aids the chemical attack. Also the high temperatures cause the 
cladding to bum ofif thereby allowing the propagation of evanescent waves which lead to a 
chemical and thermal attack on the sides of the fiber. 
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Prevention of the bum-in and degradation of the fiber can be achieved by preventing 
carbonaceous tissue material from adhering to the fiber tip. Therefore the high 
temperatures would not be generated that initiate the chemical attack. Unfortunately, a 
method to prevent tissue adhesion has not been successfully determined yet. A semi-
successful method to prevent bum-in is to use saline drips to bathe the fiber tip. Also 
pulsing the tip has had limited success in delaying bum-in. Although not tested, a glass 
cladding should prevent degradation from occurring on the fiber's sides. Another method 
that is currently being tested is coating more thermally and chemically resistant optical 
materials on the surface of silica optical fibers. 
The ULE fibers were developed and tested as a more thermally resistant laser optical 
fibers. Limited success has been achieved with these fibers. Currently the most optimal 
ULE fibers developed have a mechanical strength comparable to silica fibers, have 
transmission below 0.4 dB/m which is quite acceptable for surgery optical fibers, and have 
demonstrated longer bum-in times than the silica fibers. When the laser is pulsed at an 
optimal pulsed rate, the delayed bum-in of the ULE fibers can prevent actual burn-in from 
occurring. However, once bum-in occurs, the lasing performance of the ULE fibers are 
unpredictable. Reduction of the ULE fibers occurs during contact lasing which can lead to 
catastrophic failure. It is recommended that the ULE fibers should not be operated above 
low. 
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